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Muscle  contraction  is  Initiated  by  the  release  of  Ca^+  from  the  sarcoplasmic 
reticulum  following  depolarization  of  the  transverse  tubule  by  the  action 
potential.  In  order  to  learn  more  about  the  molecular  mechanism  of  the 
excitation  contraction  coupling  process,  we  have  isolated  T-tubule  vesicles, 
sarcoplasmic  reticulum  vesicles  derived  from  the  terminal  clsternae,  and 
intact  triad  junctions  in  which  the  T-tubule  and  sarcoplasmic  reticulum 
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membranes  remain  Attached.  The  lipid  and  protein  composition  of  the  T-tubule 
vesicles  differ  greatly  from  tHat  of  the  sarcoplasmic  reticulum  membrane. 

The  T-tubule  membrane  is  highly  enriched  in  certain  proteins  which  have  a 
molecular  weight  of  220,000,  140,000,  70,000,  32,000  and  28,000.  The  sarco¬ 
plasmic  reticulum  vesicles  derived  from  the  terminal  cisternae  are  -enriched 
in  2  proteins  with  molecular  wts  of  320,000  and  350,000.  The  cole  that 
these  proteins  may  have  in  excitation-contraction  coupling  is  not  known. 

More  than  152  of  the  protein  in  the  T-tubule  membrane  binds  to  wheat  germ 
agglutinin  indicating  a  large  proportion  of  glycoproteins  while  less  than  12 
of  sarcoplasmic  reticulum  membrane  proteins  bind  to  wheat  germ  agglutinin. 
-The_cholesterol_ content  of_T-tubule  was^lOX  that  of  sarcoplasmic  reticulum. 

The  permeability  of  the  T-tubule  membrane  to  monovalent  and  divalent ~catioha“ “ 
was  lower  than  that  of  the  sarcoplasmic  reticulum.  _  The  .permeability  of  the 
T-tubule  vesicles  to  K+  was  higher  than  that  of  Na+  allowing  of  a  resting 
membrane  potential  by  K  gradients.  The  Ca2+  permeability  of  T-tubule 
vesicles  was  very  low.  The  Ca-ATPase  activity  of  the  T-tubule  vesicle  was 
at  least  100  fold  lower  that  that-  of  the  sarcoplasmic  reticulum.  The  T- 
tubule  membrane  was  unusually  high  in  Mg-ATPase  activity  (10-20  umol/mg  min). 

The  properties  of  the  Mg-ATPase  differed  from  those  described  for  the  Na, 
K-ATPase,  Ca, Mg-ATPase,  myosin  ATPase  and  the  mitochondrial  F]  ATPase. 

The  Mg-ATPase  was  inactivated  by  ATP.  This  inactivation  was  prevented  by 
cross-linking  the  membrane  proteins  with  lectins,  antibodies  or  chemical 
cross  linkers.  This  enzyme  was  not  specific  for  the  T-tubule  but  also  found 
In  the  plasma  membrane  of  other  cells.  The  sarcoplasmic  reticulum  membrane 
contains  a  Ca2+  channel  which  is  activated  by  Ca2+  (Ca2+-induced  Ca2+  release). 
Activation  of  this  channel  requires  ATP  and  KC1  (or  similar  salt);  is  inhibited 
ik  Mg++  and  rutherium  red;  and  is  greatly  enhanced  by  halothane.  The  T-tubule 
membrane  contains  a  voltage-gated  Ca2+  channel  which  binds  the  Ca2+  channel 
b’.ocker  nitrendipine.  The  Ca2+  channel  constitutes  about  12  of  the  T-tubule 
protein  but  its  role  in  excitation-contraction  coupling  has  yet  to  be  clarified. 
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Introduction 

Muscle  contraction  is  initiated  by  the  release  of  Ca  from  the  sarcoplasmic 
reticulum  fbHowlng  depblarlzatlon  of  _the  T-tubul  e  ( transverse  -tubule)  -  by 
the  action  potential  which  is  generated  at  the  neuromuscular  junction." 

The  purpose  of  this  research  as  originally  stated  was  to 

1.  Isolate  T-tubule  vesicles  from  rat  skeletal  muscle, 

S' 

2.  Characterization  of  the  protein,  lipid,  and  carbohydrate  content  of 
T-tubule  vesicles^ 

3.  Identify  T-tubule  specific  proteins, 

/ 

4.  Characterize  the  excitability  of  isolated  T-tubule  vesicles, 

5.  Investigate  the  interaction  between  T-tubule  vesicles  with  sarcoplasmic 
reticulum  vesicles. 

The  overall  goal  is  to  increase  our  understanding  of  the  excitation-contraction 
coupling  process  by  isolating  the  membranes  involved  in  the  Ca  release  process 
and  study  their  functional  and  physical  properties. 'This  report  covers  the 
results  that  have  been  obtained  in  our  laboratory  in  the  last  two  years. 

Isolation  of  T-tubule  Membrane 

T-tubule  membranes  from  rat  skeletal  muscle  have  beem  prepared  by  three  methods. 

Method  l.  Triads  (T-tubule  and  sarcoplasmic  reticulum  vesicle  still  attached) 
are  first  isolated  from  the  mitochondrial  fraction  using  density  gradient 
centrifugation  on  sucrose  and  Percoll  gradients.  The  T-tubule  is  then 
separated  from  the  terminal  cisternae  by  French  press  treatment  followed 
by  sucrose  gradient  centrifugation. 

Method  2.  T-tubule  vesicles  can  also  be  prepared  from  the  microsomal 
fraction  (1),  The  microsomes  are  fractionated  by  2  successive  sucrose 
gradient  centrifugations .  The  low  density  vesicles  obtained  at  the  10-27% 
sucrose  interface  of  the  second  gradient  have  a  high  content  of  cholesterol, 
Na+,K+-ATPase,  glycoproteins,  and  nitrendipine-binding  sites  and  therefore 
are  beleived  to  consist  of  T-tubule  vesicles  although  there  may  also  be 
plasma  membrane  present.  These  T-tubule  vesicles  may  be  freed  from  the 
terminal  cisternae  of  the  sarcoplasmic  reticulum  during  the  homogenization 
of  the  muscle  or  .r.ay  consist  of  non-Junctional  T-tubule  membrane. 

Method  3.  The  last  method  used  to  prepare  T-tubule  membranes  Is  similiar 
to  method  2  except  the  muscle  is  treated  with  .5  M  LiBr,  50  mM  Trls  (pH 
8.5)  to  remove  the  actin-myosin  fibers.  The  yield  of  T-tubule  membrane 
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obtained  by  this  method  was  10  times  that  of  the  other  methods  but  the 
vesicles  were  "leaky"  after  the  LIBr  treatment. 

The  protein  composition  of  the  T-tubule  vesicles  prepared  by  the  3 
methods  was  similar  with  major  proteins  having  molecular  weights  of 
220  000,  140  000,  70  0C0,  32  000  and  28  000.  Other  proteins  were 

found  enriched  in  one  preparation  but  low  in  another.  The  signifi¬ 
cance  of  this  is  not  known. 


ATPase  activity  of  T-tubule  Membrane  (1)_ 


The  Ca-ATPase  mediates  the  transport  of  Ca  and  is  the  major  protein  found 
in  the  sarcoplasmic  reticulum  membrane.  The  Ca-ATPase  activity  in  the  T- 
tubule  vesicle  is  at  least  100  times  less  than  that  of  the  sarcoplasmic 
reticulum.  On  the  otherhand,  the  basal  Mg-ATPase  activity  was  very  high 
in  the  T-tubule  membrane.  This  ATPase  was  found  to  have  some  very 
Interesting  and  unique  properties.  The  rate  of  ATP  hydrolysis  by  the 
Mg2+-ATPase  was  nonlinear  but  declined  exponentially.  The  inactivation 
of  the  Mg2+-ATPase  was  dependent  on  the  presence  of  ATP  or  its  analogue 
AMPPNP .  Wheat  germ  agglutinin,  concanavalin  A,  antiserum  or  cross-linking 
reagents  such  as  glutaraidehyde  could  prevent  inactivation.  Detergents 
at  low  concentration  accelerated  the  rate  of  inactivation  but  did  not 
significantly  influence  the  initial  rate  of  ATP  hydrolysis.  This  data 
Indicate  that  the  Inactivation  of  the  Mg2+-ATPase  by  ATP  requires  the 
mobility  of  the  membrane  protein.  Cross-linking  the  membrane  proteins 
with  lectins,  antiserum  or  glutaraidehyde  blocks  inactivation;  increasing 
the  memberane  fluidity  with  detergents  increases  the  rate  of  inactivation. 

The  function  of  the  Mg2+-ATPase  is  not  known  but  an  enzyme  with  similar 
properties  was  found  in  brain,  kidney,  spleen,  lung,  heart,  liver  and 
adipose  tissue. 

The  T-tubule  membrane  was  also  enriched  in  Na,K-ATPase  activity  which 
could  not  be  detected  in  the  sarcoplasmic  reticulum  membrane. 

Ion  (Na,  K,  Ca)  permeability  of  T-tubule  vesicles 

The  regulation  of  ion  fluxes  across  the  T-tubule  membrane  is  closely 
related  to  the  excitation-contraction  coupling  process.  The  T-tubule 
membrane  contains  both  voltage-gated  Na+  and  Ca2+  channels  and  transport 
systems  that  maintain  the  Na+,  K+,  and  Ca2+  gradients  across  the  membrane. 

We  have  measured  the  resting  membrane  potential  of  T-tubule  vesicles 
getv  rated  by  K+  gradients  using  voltage  sensitive  optical  probes.  The 
Isolated  Ttubule  vesicle  had  a  K+  permeability  that  was  at  least  10 
times  that  of  Na.  The  Ca^+  permeability  was  very  low  (tj^  *15  min)  despite 
th  presence  of  the  voltage  gated  Ca  channel.  Attempts  to  activate  the 
Ca  channel  by  altering  the  membrane  potential  of  with  BayK  8644  was 
unsuccessful.  Inactivation  of  the  Ca  channel  when  removed  from  the  cell 
is  a  common  observation.  It  is  likely  that  some  metabolite  or  factor 
from  the  cell  is  required  for  activation. 
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Ce  release  from  Triad  junctions 

Sarcoplasmic  reticulum  can  be  separated  Into  several  subfractions; 
low-density  sarcoplasmic  reticulum  vesicles,  high  density  sarcoplasmic 
reticulum  vesicles  and  triad  junctions. 

The  low-density  and  high-denslty  sarcoplasmic  reticulum  vesicles  are 
obtained  by  separating  the  microsomal  fraction  by  sucrose  gradient 
centrifugation.  The  high  density  sarcoplasmic  reticulum  vesicles  are 
presumably- derived-  from  the  terminal  clsternae  while  the- low-density 
sarcoplasmic  reticulum  vesclles  are  believed  to  be  derived  from  the 
nonjunctlonal  sarcoplasmic  reticulum.  The  triad  junctions  are  obtained 
from  1000-15000  g  fraction.  The  mitochondrial  and  myofibril  contamination 
is  removed  form  the  triad  junctions  by  centrifugation  on  Percoll  and 
sucrose  gradients.  Low  concentrations  of  Ha,.othane  (.l-.5mM)  Induce  the 
release  of  Ca^+  from  the  high  density  sarcoplasmic  reticulum  vesicles  aud 
the  triad  junction  fractions  but  does  not  affect  Ca^+  accumulation  by  the 
low-density  sarcoplasmic  reticulum.  Nor  does  this  concentration  of 
Halothane  induce  the  release  of  Ca^4-  from  liposomes  prepared  with  lipids 
extracted  from  heavy  sarcoplasmic  reticulum  vesicles.  Kalothane-lnduced 
Ca^+  release  required  ATP  and  was  Inhibited  by  Mg^+  (1-10  mM)  and  ruthenium 
red  (.5-2  uM).  The  data  suggest  that  Ca^+  release  Is  Induced  by  Halothane 
at  specific  sites  on  the  sarcoplasmic  reticulum  membrane  and  that  these 
sites  are  probably  In  the  terminal  clsternae.  This  raises  the  possibility 
the  Halothane-lnduced  C«2+  release  occurs  at  the  same  site  which  releases 
Ca^+  during  excitation-contraction  coupling.  The  mechanism  by  which 
Halothane  Initiates  Ca^+  release  from  sarcoplasmic  reticulum  vesicles  may 
be  the  same  mechanism  by  which  Halothane  Induces  malignant  hyperthermia  In 
susceptible  Individuals.  Malignant  hyperthermia  Is  belelved  to  be  caused 
by  increased  Ca^+release  from  the  sarcoplasmic  reticulum. 

Ca^+  also  Induces  the  release  of  Ca^+  from  the  Isolated  triad  (Ca^+ -induced 
Ca^+  release).  This  Ca^+  activated  Ca  release  has  the  same  properties 
as  the  Halothane-lnduced  Ca^+  release.  Indeed,  the  Halothane-lnduced 
Ca^+  release  required  the  presence  of  external  Ca^+.  Therefore,  it 
is  likely  that  Ca^+-lnduced  Ca^+  release  and  the  Halothane-lnduced 
Ca  release  are  mediated  by  the  same  system. 

Other  studies 

bffect  of  NajVO^  and  Membrane  Potential  on  the  Structure  of  Sacroplasmlc 
Reticulum  Membraue(2) 

Two-dimensional  crystalline  arrays  of  Ca2+-ATPaee  molecules  develop  after 
treatment  of  sarcoplasmic  reticulum  vesicles  with  NajVO^  in  a  Ca'5  -free 
medium.  The  Influence  of  membrane  potential  upon  the  rate  of  crystallization 
was  studied  by  ion  substitution  using  oxonol  VI  and  3,3'-dlethyl-2,2'- 
thladlcarbocyanlne  (Di-S-C2(5))  to  monitor  Inside  positive  or  inside 
negative  membraue  potentials,  respectively.  Positive  transmembraue 
potential  accelerates  the  rate  of  crystallization  of  Ca 2+-ATPase ,  while 
negative  potential  disrupts  preformed  Ca^-ATPase  crystals,  suggesting  sn 
Influence  of  transmembrane  potential  upon  the  conformation  of  Ca^4-ATPase. 
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Measurement  of  Ca2+  translocation  by  Arsenazo  III— loaded  Sarcoplasmic 
Reticulum  Vesicles  (3) 

Release  of  Ca24  from  Che  (Ca24  +  Mg24)-ATPase  Into  the  Interior  of  Intact 
sarcoplasmic  reticulum  vesicles  was  measured  using  arseuaco  III,  a 
metallochromtc  Indicator  of  Ca24.  Arsenzo  III  was  placed  Inside  Che 
sarcoplasmic  reticulum  vesicles  by  making  the  vesicles  transiently  leaky 
with  an  osmotic  gradient  In  the  presence  of  arsenazo  III.  External 
arsenazo  III  was  then  removed  by  centrifugation.  Addition  of  ATP  to  the 
— (Ca24-  +Mg2+)-ATPase  in  the  presence,  of  Ca?.4  causes_.the_  rapid  phophorylatlon 
of  the  enzyme  at  which  time  the  bound  Ca24  becomes  inaccessible  to 
external  EGTA.  The  release  of  Ca24  from  the  (Ca2+ -+-Mg?4)->ATPa8e 
to  the  Interior  of  the  vesicle  measured  with  lntraveslculat  arsenazo  III 
was  much  slower  Indicating  that  there  Is  an  occluded  form  of  the  Ca2+-bindlng 
site  which  precedes  the  release  of  Ca24  into  the  vesicle.  The  rate  of 
Ca2+  accumulation  by  sarcoplasmic  reticulum  vesicles  Is  increased  by 
K4  (5-100mM)  and  ATP  (50-1000  u  M)  but  the  Initial  rate  of  Ca2+  translocation 
measured  after  the  simultaneous  addition  of  ATP  and  EGTA  to  vesicles 
that  were  preincubated  in  Ca24  was  not  Influenced  by  these  concentrations 
of  K4  and  ATP. 
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Release  of  Ca2+  from  the  (Ca2+  +  Mg2  +  )-ATPasc  into  the  interior  of  intact  sarcoplasmic  reticulum  vesicles 
was  measured  using  arsenazo  III,  a  mctallochromic  indicator  of  Ca2  + .  Arsenazo  III  was  placed  inside  the 
sarcoplasmic  reticulum  vesicles  by  making  the  vesicles  transiently  leaky  with  an  osmotic  gradient  in  the 
presence  of  arsenazo  III.  External  arsenazo  III  was  then  removed  bv  centrifugation.  Addition  of  ATP  to  the 
(Ca2+  +  Mg2  +  )-ATPase  in  the  presence  of  Ca2+  causes  the  rapid  phosphorylation  of  the  enzyme  at  which 
time  the  bound  Ca2+  becomes  inaccessible  to  external  EGTA.  The  release  of  Ca2+  from  the  (Ca2+ + 
Mg2  +  )-ATPase  to  the  interior  of  the  vesicle  measured  with  intravcsicular  arsenazo  III  was  much  slower 
indicating  that  there  is  an  occluded  form  of  the  Ca2  + -binding  site  which  precedes  the  release  of  Ca2+  into  the 
vesicle.  The  rate  of  Ca2+  accumulation  by.  sarcoplasmic  reticulum  vesicles  is  increased  by  K+  (5-100  mM) 
and  ATP  (50-1000  pM)  but  the  initial  rate  of  Ca2+  translocation  measured  after  the  simultaneous  addition 
of  ATP  and  EGTA  to  vesicles  that  were  preincubated  in  Ca2+  was  not  influenced  by  these  concentrations  of 
K+  and  ATP. 


Following  the  binding  or  external  Ca2 '  to  the 
high  affinity  Ca2  + -binding  sites  on  the  (Ca2  ‘  + 
Mg2 '  )-ATPase  (Step  1).  the  enzyme  is  rapidly 
phosphorylated  by  ATP  (Step  3).  The  phosphory¬ 
lation  presumably  causes  a  conformational  change 
of  the  ATPase  which  alters  both  the  affinity  and 
orientation  of  the  Ca2  *  binding  sites  (Step  4). 
Ca2 1  is  then  released  into  the  lumen  of  the 
sarcoplasmic  reticulum  (Step  5)  and  the  pho.x- 
phoenzyme  bond  is  hydrolyzed  (step  6). 

Upon  phosphorylation,  the  Ca2 '  bound  to  the 
(Ca2 '  +  Mg2 ')- ATPase  rapidly  becomes  inacces¬ 
sible  to  external  EGTA  [5-8].  Addition  of  ADP 
along  with  EGTA  causes  the  rapid  release  of  Ca2 ' 
due  to  the  reversal  of  Step  3  [8-10].  Dupont 
demonstrated  that  the  release  of  Ca2 '  by  EGTA 
+  ADP  was  much  faster  than  the  relase  of  Ca2 ' 

non‘'-27.1(i/X4/y>.VKl  •  1 0X4  ITscvier  Science  Publishers  II. V. 


Introduction 

Ca2  ’  transport  by  sarcoplasmic  reticulum 
vesicles  is  mediated  by  the  (Ca2*  +  Mg2t)- 
ATPase.  The  generally  accepted  mechanism  for 
(Ca2  ’  +  Mg2  *  )-ATPase  is  shown  in  Scheme  I 
[1  4], 


2C*  • 3  ATP  A0P 


1  !• 


PI  HjO  2C«  • 3 


Abbreviation;  l-.OTA.  ethyleneglycol  bis( //-aminocthyl  clher)- 
V.  ,V  '-Iclr.i.icclic  aciil. 
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from  i he  phosphocnzyme  hv  HCiTA  +  X537A  (a 
C  ;r  '  ionophorc)  | S ].  The  former  condition  causes 
the  reversal  of  Step  3  while  the  latter  condition 
depends  on  the  rate  at  which  Ca~  *  is  released 
from  the  (Ca* '  +  Mg’’  )-ATPase  into  the  interior 
of  the  sarcoplasmic  reticulum  vesicle  and  trans¬ 
located  out  of  the  vesicle  by  X537A.  It  is  also 
possible  that  X537A  directly  removes  Ca:  1  bound 
to  the  protein  at  a  site  not  exposed  to  the  aqueous 
phase  [11.1 2|. 

We  have  developed  a  more  direct  method  to 
measure  the  rate  of  Ca:  *  release  from  the  (Ca: '  + 
Mg:  ’  )-ATPase  into  intact  vesicles  using  the  Ca21 
indicator  arsenazo  III  inside  the  vesicle.  Our  re¬ 
sults  indicate  that  the  release  of  Ca24  into  the 
interior  of  the  vesicle  is  relatively  slow  while  the 
removal  of  bound  Ca:  1  from  the  external  medium 
is  quite  rapid.  Therefore  the  Ca2  +  must  reside  in 
an  occluded  form  during  much  of  the  transport 
cycle. 

Methods  and  Materials 

45CaCU  and  [y-MP]ATP  were  purchased  from 
New  England  Nuclear  (Boston.  MA).  All  other 
chemicals  were  obtained  from  Sigma  (St.  Louis. 
MO). 

Methods 

Preparation  of  arsenazo  1 1 1 -loaded  sarcoplasmic 
reticulum  resides.  The  microsomal  fraction  from 
rabbit  skeletal  muscle  was  prepared  as  previously 
described  [13].  The  microsome  fraction  contains 
mostly  fragmented  sarcoplasmic  reticulum  vesicles. 
This  fraction  was  then  placed  on  a  30-45%  sucrose 
gradient  and  centrifuged  for  15  h  at  4°C  at 
100000  Xg.  The  low-density  sarcoplasmic  reticu¬ 
lum  vesicle  fraction  (32-34%)  was  removed  from 
the  gradient  and  diluted  1  :  7  into  20  mM  arsenazo 
III/ 25  mM  MgS04  (pH  6.8).  The  osmotic  imbal¬ 
ance  across  the  membrane  of  the  vesicles  causes 
them  to  swell  [14]  allowing  the  influx  of  arsenazo 
III.  The  free  arsenazo  111  was  then  removed  by 
collecting  the  sarcoplasmic  reticulum  by  centrifu¬ 
gation  (100000  X  g  for  30  min.)  and  resuspending 
them  in  arsenazo  Ill-free  medium  (0.15  M  potas¬ 
sium  glutamate/ 10  mM  histidine/5  mM  MgSQ4/ 
0.5  mM  EGTA/0.45  mM  CaCI,).  The  centrifuga¬ 
tion  was  repeated  four  times.  The  final  pellet  was 


resuspended  to  a  protein  concentration  of  16 
mg/ml.  frozen  in  liquid  nitrogen,  and  stored  at 
—  70°C. 

Phosphorylation  of  the  ( Ctr  '  +  Mg'  '  )-A  TP  use 
by  ATP.  Ca: '  transport  was  initiated  in  medium 
containing  0.1  mM  [y-'1:P]ATP  (1  /iCi/ml).  At 
various  times  the  reaction  was  stopped  by  the 
addition  of  5%  trichloroacetic  acid.  0.1  M 
K.H,P04.  5%  polyphosphate.  The  samples  were 
centrifuged  at  1000  x  g  for  20  min.  The  super¬ 
natant  was  removed  and  the  amount  of  •’■P04 
determined  by  the  method  described  by  De  Meis 
and  Carvalho  [15].  The  pellets  were  washed  three 
times  by  centrifugation  using  the  trichloroacetic 
acid  solution.  The  final  pellet  was  resuspended  in 
Lowry  C  reagent  [16]  and  the  amount  of  i:P  in  the 
pellet  was  determined  by  measuring  the  Cerenkov 
radiation  in  a  scintillation  counter.  The  protein 
content  in  each  sample  was  then  assayed  bv  the 
method  of  Lowry  el  al.  [16]. 

Results 

Our  procedure  for  preparing  arsenazo  Ill-loaded 
sarcoplasmic  reticulum  vesicles  did  not  differ  from 
the  standard  way  of  isolating  sarcoplasmic  reticu¬ 
lum  vesicles  except  that  the  vesicles  obtained  from 
the  sucrose  gradient  following  centrifugation  were 
diluted  into  an  arsenazo  Ill-containing  medium. 
The  transient  swelling  of  the  sucrose-equilibrated 
vesicles  following  dilution  in  a  hypotonic  solution 
made  the  membrane  leaky  [14]  allowing  arsenazo 
III  to  enter  the  vesicles.  Following  equilibration  of 
the  vesicles,  the  extravesicular  arsenazo  III  was 
then  removed  by  centrifugation.  Neither  the 


fig.  1.  Difference  spectrum  of  arsenazo  1 1 1 -loaded  saro-n 
lasmic  reticulum  vesicles  following  C:r  1  uptake.  The 
and  reference  cuvettes  contained  0.15  M  potassium  glutau 
10  mM  histidine.  5  mM  MgS()4,  50  jiM  CaCI,  and  arse:  . 
Ill-loaded  sarcoplasmic  reticulum  (0.4  mg/ml  protein).  I  he 
spectrum  was  taken  1  min  after  the  addition  of  0.1  mM  A  l  l’  It' 
the  sample  cuvette.  Temperature  —  1°C. 


best  available  copy 


101 


l  V  ' -loading  capacity  (120  150  nmol  Ca2  ’ /mg) 
nor  the  Ca2 '  -dependent  ATPa.se  activity  (0.5  0.S 
/«  mol/ mg  min)  at  25  °C  was  significantly  altered 
by  the  arsena/o  11!  loading  procedure. 

l  'ig.  1  show  s  the  difference  spectrum  of  arsena/o 
Ill-loaded  vesicles  following  the  addition  of  ATP 
in  the  presence  of  Ca2  ’ .  Under  these  conditions 
the  vesicles  accumulate  Ca" '  .  The  spectrum  is 
identical  to  the  difference  spectrum  obtained  when 
2.5  mM  Ca:  ’  is  added  to  the  sarcoplasmic  reticu¬ 
lum  vesicles  in  the  presence  of  the  Ca2  *  iono- 
phore.  A23187.  In  the  absence  of  free  Ca2  * .  ATP 
did  not  alter  the  arsena/o  111  spectrum.  Following 
Ca2 '  uptake  by  the  sarcoplasmic  reticulum 
vesicles,  removal  of  the  free  extravesicular  Ca2  *  bv 
EGTA  did  not  have  an  immediate  effect  on  the 
arsena/o  III  spectrum.  These  experiments  demon¬ 
strate  that  arsena/o  III  was  responding  only  to 
intravesicular  Ca2  * . 

The  use  of  intravesicular  arsenazo  III  the  mea¬ 
sure  the  rate  of  Ca2  *  influx  is  demonstrated  in 
Fig.  2.  Ca2'  influx  at  1°C  was  initiated  by  the 
additionof  2.5  mM  Ca2*  or  the  addition  of  ATP 
to  activate  Ca2*  transport.  The  rate  of  passive 
Ca2  *  influx  was  dependent  on  the  external  Ca2  * 
concentration  and  was  increased  by  the  addition 
of  A23187.  At  2.5  mM  Ca2  * .  the  absorbance 
change  of  the  intravesicular  arsenazo  III  was  not 
linear.  About  171?  of  the  Ca2* -induced  ab¬ 
sorbance  change  occurred  relatively  fast  (first  order 
rate  constant  =  0.23  s  ').  This  initial  phase  was 
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Fig.  2.  Absorbance  change  of  arsenazo  I II -loaded  sarcoplasmic 
reticulum  during  Ca:  *  influx.  The  sample  contained  0.1  M 
potassium  glutamate.  Ill  mM  histidine  (pi  I  6.X).  S  mM  MgS04, 
50  /iM  C  at'U  and  arsenazo  .Ill-loaded  vesicles  (0.4  mg/ml 
protein).  C  a'  '  influx  was  initiated  by  the  addition  of  2.5  mM 

(  aCL  (-■-).  2.5  mM  Cat'l.  and  2.5  )iM  A231X7  ( . ),  2.5 

mM  Cat  I  ,  and  10  ,tM  A2.HX7  ( - ),  or  0.1  mM  ATP 

( - - >.  The  absorbance  change  of  arsena/o  III  was  moni¬ 

tored  at  660  mil  using  0X5  nin  as  a  reference  wavelength. 


Pig.  3.  l-ffect  of  P.GTA  on  the  absorbance  change  of  arsena/o 
Ill-loaded  sarcoplasmic  reticulum  vesicles  during  Ca" '  uptake. 
The  samples  contain  0.1  M  potassium  glutamate.  10  mM 
histidine.  5  mM  MgSC4.  50  /iM  C'aCI;  and  arsenazo  Ill-loaded 
sarcoplasmic  reticulum  vesicles  (0.4  mg/ntl  protein)  at  1  °C.  At 
the  indicated  time.  ATP  (0.1  mM).  FGTA  <1  mM).  CaCI,  (0.4 
mM)  or  ADP  (1  mM)  was  added.  The  absorbance  change  of 
arsenazo  III  at  660  nnt  was  monitored  using  6X5  nm  as  a 
reference  wavelength. 

followed  by  a  much  slower  one  in  which  the 
absorbance  change  was  less  than  3  10  '  AA/m\n. 
The  addition  of  10  gM  A23187  increased  the  rate 
of  Ca2*  influx  300-fold.  The  rate  of  Ca2+  influx  in 
the  presence  of  2.5  mM  CaCI,  and  2.5  jaM  A23187 
was  similar  to  the  rate  measured  during  active 
Ca2*  transport  at  an  external  Ca2*  concentration 
of  50  pM. 

As  staled  before,  the  removal  of  external  Ca2 ' 
by  EGTA  after  Ca2  *  loading  does  not  cause  an 
immediate  change  in  the  arsenazo  III  absorbance 
(Fig.  3.  trace  A).  But  the  addition  of  EGTA  to  the 
vesicles  before  ATP  prevents  Ca2  *  uptake  and  the 
corresponding  absorbance  change  of  arsenazo  III 
(Fig.  3.  trace  B). 

When  ATP  and  EGTA  are  added  at  the  same 
time,  only  the  Ca2*  initially  bound  to  the  (Ca2  ‘  + 
Mg:*)-ATPase  can  be  transported  (Fig.  3,  trace 
C)  [5.7.22-24],  This  is  demonstrated  by  the  experi¬ 
ment  shown  in  Fig.  4.  Ca2  *  uptake  was  measured 
using  4'Ca2*  as  a  tracer.  When  the  arsenazo  Ill- 
loaded  vesicles  were  equilibrated  with  the  J'Ca2‘ 
containing  solution,  addition  of  ATP  caused  a 
rapid  accumulation  of  about  4  nmol  Ca2*/mg 
protein  which  was  followed  by  a  much  slower  rate 
of  C’a2  *  uptake  (0.4  nmol/s  per  mg).  The  steadv- 
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Fig.  4.  Ca2  *  uptake  hy  sarcoplasmic  reticulum.  The  medium 
contained  0.1  M  potassium  glutamate.  10  m.VI  histidine  (pH 
6.8).  5.0  mM  MgS04  50  pM45  CaCU  (1  pCi/ml),  and  either 
arsenazo  Ill-loaded  sarcoplasmic  reticulum  vesicles  (0.4  mg/ml 
protein)  (•.□.■)  or  0.1  mM  ATP(0)at  l°C.Ca2'  uptake  was 
initiated  by  the  addition  of  either  0.1  mM  ATP  <•.□).  0.1  mM 
ATP  +  1  mM  EGTA  (■).  or  sarcoplasmic  reticulum  vesicles  (0.4 
mg/ml  protein)  (O)  preincubated  in  potassium  glutamate 
medium  without  4,Ca.  To  one  of  the  samples  (□).  1  mM  EGTA 
was  added  1  s  after  the  ATP  addition.  At  various  times,  the 
samples  were  diluted  1  : 10  with  0.1  M  potassium  glutamate.  10 
mM  histidine  (pH  6.8).  5  mM  MgS04  and  1  mM  EGTA  and 
passed  through  Millipore  HA  fillers.  The  filters  were  im¬ 
mediately  washed  with  2  ml  of  EGTA  wash  solution.  After 
drying  the  fillers,  the  amount  of  4'Ca‘  *  bound  to  the  filters 
was  measured  in  a  scintillation  counter  using  a  nonaqueous 
counting  solution. 


state  level  of  the  phosphorylated  intermediate  of 
these  vesicles  was  about  2.5  nmol  E-P/mg  protein 
(Fig.  5).  Even  when  EGTA  was  added  together 
with  ATP  there  was  a  rapid  uptake  of  about  3 
nmol  Ca2  +  /mg  but  no  subsequent  accumulation 
since  the  free  Ca2+  was  chelated  by  EGTA.  When 
Ca2+  transport  was  initiated  by  the  simultaneous 
addition  of  ATP  and  45Ca2  +  to  vesicles  equi¬ 
librated  in  the  absence  of 45 Ca,  there  was  no  burst 
of  45Ca2+  uptake  since  only  the  unlabeled  bound 
Ca2+  was  carried  by  the  first  turnover.  The  ap¬ 
pearance  of  the  bound  Ca2+  in  the  interior  of 
sarcoplasmic  reticulum  vesicle  following  ATP 
addition  as  detected  by  intravesicular  arsenazo  III 
was  much  slower  (first  order  rate  =  0.45  s' ')  (Fig. 
3,  trace  C)  than  the  rate  at  which  it  becomes 
inaccessible  to  external  EGTA.  The  rate  of  Ca2  ’ 
release  into  the  interior  of  the  vesicle  was  com¬ 


Fig.  5.  Formation  of  the  phosphorylated  enzyme  intermediate 
and  the  release  of  inorganic  phosphate  by  the  (Ca-"  +  Mg'  '  )- 
ATPase  during  Ca:*  transport.  The  medium  contained  0.1  M 
potassium  glutamate.  10  mM  histidine  (pH  6.8).  5  mM  MgSOj. 
0.1  mM  [y-’:P)ATP  (1  pCi/ml).  and  either  50  g.M  CaCU 
(zs.B.O)  or  1.0  mM  EGTA  (D).  Ca:  *  transport  was  initiated  by 
the  addition  of  sarcoplasmic  reticulum  vesicles  (0.4  mg/ml) 
which  were  equilibrated  in  potassium  glutamate  solution  con¬ 
taining  50  gM  CaCU.  To  one  sample.  1  mM  EGTA  was  added 
to  the  medium  2  s  after  the  reaction  was  initiated  (a).  All 
values  represent  the  Ca'* -dependent  E-P  formation  or 
Ca:* -dependent  release  since  the  background  obtained  from 
experiments  in  which  the  vesicles  and  media  contained  1  mM 
EGTA  was  subtacted  from  the  data  obtained  when  the  medium 
and/or  the  vesicles  contained  Ca:  * . 

parable  to  the  rate  at  which  the  phosphoenzvme 
intermediate  decomposes  (Fig.  5). 

When  I  mM  ADP  was  added  along  with  ATP 
and  EGTA.  neither  Ca2*  translocation  (Fig.  3. 
trace  D)  nor  4?Ca2*  uptake  (data  not  shown) 
[9,10]  was  observed.  Since  ADP  accelerates  the 
reversal  of  Step  3  of  Scheme  I  it  is  likely  that  in 
the  presence  of  ADP  the  rate  of  Ca2*  release  bv 
the  reversal  of  steps  1-4  or  steps  1-3  is  much 
faster  than  Ca2*  translocation  (steps  3-5). 

The  (Ca2  *  +  Mg2  *  )-ATPase  is  activated  by  K  * 
[25-31]  and  high  concentrations  of  ATP  [32-35], 
The  initial  rate  of  absorbance  change  of  arsenazo 
Ill-loaded  vesicles  during  Ca2*  uptake  at  1°C 
increased  from  5.1  •  10'4  AA/s  in  the  presence  of 
2  mM  K*  to  11  •  10* 4  A  A/s  in  the  presence  of 
100  mM  K*  (Fig.  6).  Increasing  the  ATP  con¬ 
centration  from  50  /iM  to  1.0  mM  increased  the 
initial  rate  of  absorbance  change  from  9.5  •  10  4 
AA/s  to  21  ■  10'4  AA/s  (Fig.  7A).  Since  the  Km 
of  the  Ca**-ATPase  for  ATP  is  about  3  /»M  [9], 
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sarcoplasmic  reticulum.  The  medium  contained  10  mM  histi¬ 
dine  (pH  6.8),  5.0  mM  MgS04,  50  fiM  CaCli,  arsenazo  Ill- 
loaded  sarcoplasmic  reticulum  vesicles  (0.4  mg/ml)  and  vary¬ 
ing  ratios  of  0.2  M  glycine  and  0.1  M  potassium  glutamate. 
Ca:*  uptake  was  initiated  by  the  addition  of  0.1  mM  ATP 
(left)  or  0.1  mM  ATP+  1  mM  HGTA  (right).  The  absorbance 
change  at  660  nm  was  monitored  in  an  Aminco  DW-2  spectro¬ 
photometer  in  the  dual  wavelength  mode  using  685  nm  as  the 
reference  wavelength. 


most  of  this  increase  in  the  uptake  rate  is  attri¬ 
buted  to  an  activation  of  an  intermediate  step  in 
the  reaction  cycle.  When  Ca:+  transport  was  ini¬ 
tiated  by  the  simultaneous  addition  of  ATP  and 
EGTA  there  was  no  effect  of  high  concentrations 
of  ATP  (0.1-1. 0  mM)  (Fig.  7B)  or  K+  (Fig.  6)  on 
the  appearance  of  Ca:+  inside  the  vesicles.  This 
data  suggests  that  KT  and  ATP  activate  an  inter¬ 
mediate  reaction  which  follows  the  release  of  Ca:  + 
into  the  vesicle. 

It  was  previously  demonstrated  that  Ca:^ 
transport  is  activated  by  inside  negative  membrane 
potentials  generated  by  KT  gradients  in  the  pres¬ 
ence  of  the  K*  ionophore  valinomycin  [36-38],  In 
order  to  measure  the  effect  of  K +  gradients  on  the 
rate  of  Ca:+  transport  at  1  °C.  arsenazo  Ill-loaded 
vesicles  equilibrated  in  potassium  glutamate  were 
diluted  50-fold  into  either  glycine  or  potassium 
glutamate  medium  containing  valinomycin.  When 
Ca'*  transport  was  initiated  at  the  time  of  the 
dilution,  the  rate  of  Ca:*  uptake  in  the  glycine 
and  potassium  glutamate  solutions  monitored  by 
both  the  absorbance  change  of  the  intravesicular 


Fig.  7.  Effect  of  ATP  on  the  initial  rate  of  Ca;  *  translocation  into  sarcoplasmic  reticulum  vesicles.  The  medium  contained  0.1  M 
potassium  glutamate,  10  mM  histidine  (pH  6.8).  5  mM  MgSOj.  50  pM  CaCU.  and  arsenazo  Ill-loaded  sarcoplasmic  vesicles  (0.4 
mg/ml).  Ca2  f  transport  was  initiated  by  the  addition  of  varying  amounts  of  ATP  with  (Panel  B)  or  without  (Panel  A)  1  mM  EGTA. 
The  absorbance  change  of  arsenazo  III  at  660  nm  was  monitored  in  an  Aminco  DW-2  spectrophotometer  in  the  dual  wavelength 
mode  using  685  nm  as  a  reference  wavelength.  An  increase  in  the  asorbance  at  660  nm  is  indicated  by  downward  trace. 
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arsenazo  II!  (as  in  Fig.  6)  or  by  the  accumulation 
of  4'Ca24  (as  in  Fig.  5)  was  essentially  the  same. 
Allowing  the  vesicles  to  equilibrate  in  the  dilution 
medium  before  the  initiation  of  Ca2  +  transport 
gives  the  same  results  as  shown  in  Fig.  6.  Under 
these  conditions  (1°C)  the  activation  of  Ca24 
transport  by  K.4  is  the  same  whether  the  K.4  is  on 
both  sides  of  the  membrane  or  just  on  the  internal 
side.  At  15  °C,  the  rate  of  Ca24  accumulation  of 
K 4  -equilibrated  vesicles  was  much  greater  in 
glycine  (  + valinomycin)  than  in  potassium  gluta¬ 
mate  ( +  valinomycin)  medium  [37], 

The  rate  of  Ca2  +  translocation  measured  by  the 
absorbance  change  of  arsenazo  Ill-loaded  sarcop¬ 
lasmic  reticulum  vesicles  equilibrated  in  potassium 
glutamate  medium  following  a  50-fold  dilution 
into  glycine  medium  containing  ATP.  EGTA  and 
valinomycin  did  not  significantly  differ  from  that 
observed  after  diluting  into  potassium  glutamate 
medium  containing  ATP  and  EGTA.  These  ex¬ 
periments  along  with  the  one  in  Fig.  6  indicate 
that  the  rate  of  the  initial  Ca2  +  translocation  by 
vesicle  equilibrated  in  K+  medium  is  the  same  in 
glycine  medium  as  that  in  potassium  glutamate 
even  when  a  K4  gradient  (and  therefore  a  mem¬ 
brane  potential  [37-39])  is  present. 

Discussion 

A  technique  was  developed  to  prepare  sarcop¬ 
lasmic  reticulum  vesicles  loaded  with  arsenazo  III. 
Other  optical  probes  such  as  chiortetracycline 
[40.41]  and  8-anilino-l-naphthalenesulfonate 
[12,42-44]  can  measure  internal  Ca24  but  they 
lack  specificity  and  have  slow  response  times.  The 
response  time  of  arsenazo  III  is  quite  rapid  (Ca2  + 
on  an  off  time  =  2-5  ms)  [45,46]  and  the  change  in 
the  absorbance  spectrum  of  arsenazo  III  due  to 
Ca2+  is  very  different  than  that  caused  by  changes 
in  the  Mg24  or  H+  concentration.  Because  the 
affinity  of  arsenazo  III  for  Ca2+  is  so  high  and  the 
amount  of  dye  that  is  trapped  by  the  vesicles  ( =  3 
nmol/mg  protein)  was  well  below  the  capacity  of 
the  vesicles  to  accumulate  Ca2+ ,  the  intravesicular 
arsenazo  III  rapidly  became  saturated  with  Ca2  + 
after  initiation  of  Ca24  transport.  This  makes 
quantitation  of  the  amount  of  Ca24  translocated 
difficult.  A  Ca24  indication  of  much  lower  affinity 
would  be  more  useful  in  measuring  the  intravesicu¬ 


lar  Ca2 '  concentration  during  CV '  accumulation. 
Using  the  same  loading  technique  we  were  unable 
to  prepare  vesicles  with  the  Ca2’  indicators, 
murexide  or  antipyrylazo  III,  due  to  problems 
with  solubility  of  the  probes  and  damage  to  the 
vesicles. 

The  appearance  of  Ca2  *  within  the  vesicle  upon 
the  initiation  of  Ca2*  transport  was  much  slower 
than  its  removal  from  the  external  medium.  This 
provides  direct  evidence  for  an  occluded  state  dur¬ 
ing  Ca24  uptake  [8.24.47],  Ikemoto  [48]  measured 
the  rate  of  Ca24  release  from  isolated  (Ca2  ‘  + 
Mg:  +  )-ATPase  following  phosphorylation  with  5 
H M  ATP  at  22°C.  This  preparation  did  not  accu¬ 
mulate  Ca24  due  to  the  leakiness  of  the  membrane 
following  Triton  X-100  treatment.  Ca2+  release 
followed  E-P  formation  with  a  lag  time  of  15  ms. 
At  this  low  ATP  concentration,  the  maximum 
phosphorylation  level  (0.1  mol  E-P/niol  ATPase) 
was  reached  within  150  ms  after  ATP  addition 
while  the  maximum  level  of  Ca24  release  (0.24  mol 
Ca2  +  /mol  ATPase)  was  reached  after  250  ms.  The 
work  presented  here  confirms  that  with  intact 
vesicles,  there  is  a  lag  time  between  phosphoryla¬ 
tion  and  Ca24  release  from  the  (Ca2*  +Mg2’)- 
ATPase. 

Although  the  rate  of  Ca24  transport  is  in¬ 
creased  by  K  4  (10-100  mM)  and  by  ATP  (50-1000 
gM).  the  initial  rate  of  Ca24  translocation  was  not 
influenced  by  K4  or  high  ATP  concentrations. 
The  most  likely  explanation  is  that  K4  and  ATP 
activates  an  intermediate  reaction  which  follows 
the  release  of  Ca24  from  the  (Ca24  +  Mg2  *  )- 
ATPase  into  the  interior  of  the  vesicle. 
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A  procedure  was  developed  to  isolate  a  membrane  fraction  of  rat  skeletal  muscle  which  contains  a  highly 
active  Mg2‘-ATPase  (5-25  pmol  P,/mg  min).  The  rate  of  ATP  hydrolysis  by  the  Mg2‘-ATPase  was 
nonlinear  but  decayed  exponentially  (first-order  rate  constant  a  0.2  s~ 1  at  37°C).  The  rapid  decline  in  the 
ATPase  activity  depended  on  the  presence  of  ATP  or  its  nonhydrolyzable  analog  5’-adenylyl  im- 
idodiphosphate  (AdoPPJNH]  P).  Once  inactivated,  removal  of  ATP  from  the  medium  did  not  immediately 
restore  the  original  activity.  ATP-  or  AdoPP|NH)  P-dependent  inactivation  could  be  blocked  by  concanavalin 
A,  wheat  germ  agglutinin  or  rabbit  antiserum  against  the  membrane.  Additions  of  these  proteins  after  ATP 
addition  prevented  further  inactivation  but  did  not  restore  the  original  activity.  Low  concentrations  of  ionic 
and  nonionic  detergents  increased  the  rate  of  ATP-dependent  inactivation.  Higher  concentrations  of 
detergents,  which  solubilize  the  membrane  completely,  inactivated  the  Mg?‘-ATPase.  Cross-linking  the 
membrane  components  with  glutaraldehyde  prevented  ATP-dependent  inactivation  and  decreased  the  sensi¬ 
tivity  of  the  Mg2*-ATPase  to  detergents.  It  is  proposed  that  the  regulation  of  the  Mg2*- ATPase  by  ATP 
requires  the  mobility  of  proteins  within  the  membrane.  Cross-linking  the  membrane  proteins  with  lectins, 
antiserum  or  glutaraldehyde  prevents  inactivation;  increasing  the  mobility  with  detergents  accelerates 
ATP-dependent  inactivation. 


Introduction 

The  microsomal  subcellular  fraction  of  skeletal 
muscle  contains  both  a  Ca: ‘-dependent  ATPase 
and  a  Ca2 ‘-independent  Mg ‘‘-ATPase.  The 
Ca2  ‘-ATPase  mediates  the  active  transport  of  Ca“ 
into  the  sarcoplasmic  reticulum.  The  function  of 


Abbreviations:  ADA,  A'-f2-acetamido>-2-irmnodiacetic  acid 
Mops.  3-<N-morpholino)propanesulfonic  acid;  EDTA,  ethyl 
enediamineietraacetic  acid;  EGTA.  ethylene  glycol  bis(/? 
aminoethyl  ether)-iV. ,V-tetraacetic  acid;  PMSF,  phenylmethyl 
sulfonyl  fluoride;  CCCP.  carbonyl  cyanide  m-chlorophenylhy 
drazone;  FCCP.  carbonyl  cyanide  p-trifluoromethoxyphenyl 
hvdrazone;  Ado/’/,[NH]P,  5'-adenvlyl  imidodiphosphate 
Chaps.  3-((  3-cholamidopropvl)dimethy!ammonio|propane 
sulfonate;  Chapso.  3-((3-cholamidopropyl)dimethylammonio 
2-hydroxy- 1  -propanesulfonate. 
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the  Mg2*-ATPase  has  not  been  identified. 
Fernandez. et  al.  [1]  demonstrated  that  vesicles 
containing  the  Mgz‘-ATPase  from  rabbit  skeletal 
muscle  can  be  separated  from  sarcoplasmic  reticu¬ 
lum  vesicles  by  first  selectively  loading  the  sarco¬ 
plasmic  reticulum  with  calcium  phosphate  to  in¬ 
crease  their  density  and  then  fractionating  the 
microsomes  by  sucrose  density  centrifugation.  The 
Mg2 ‘-ATPase  was  associated  with  those  vesicles 
which  migrated  to  a  density  between  1.09  and  1.13 
g/ml.  There  are  various  other  reports  in  the  litera¬ 
ture  on  the  preparation  of  a  low  density  subfrac¬ 
tion  of  skeletal  muscle  microsomes  which  have 
high  Mg2 ‘-ATPase  activity  [2-6].  Antibodies 
specific  to  the  low  density  vesicle  fraction  pre¬ 
pared  from  rabbit  skeletal  muscle  were  shown  to 
bind  in  the  region  of  the  transverse  tubule  [4], 
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Malouf  and  Meissner  [5]  used  cytochemical  tech¬ 
niques  to  demonstrate  a  highly  active  Mg2*- 
ATPase  in  the  plasmalemma  and  transverse  tubule 
of  chicken  pectoralis  muscle. 

The  purpose  of  the  studies  reported  here  is  to 
investigate  the  effect  of  perturbation  of  the  mem¬ 
brane  by  detergents,  lectins,  antiserum  and 
glutaraldehyde  on  the  Mg:*-ATPase.  Investiga¬ 
tions  on  the  regulation  of  the  Mg2-f-ATPase  may 
lead  to  a  better  understanding  of  its  function. 

Materials 

Adenosine  5'-triphosphate.  5'-adenyiyl  im- 
idodiphosphate  (AdoPP[NH]P),  lactate  dehydro¬ 
genase,  pyruvate  kinase,  wheat  germ  agglutinin, 
concanavalin  A.  iV-ethylmaleimide.  5.5'-dithiobis 
(2-nitrobenzoic  acid),  cytocholasin  B,  vinblastine, 
colchicine,  phenylmethylsulfonylfluoride  (PMSF), 
quercetin,  sodium  azide,  sodium  arsenate,  N - 
acetylglucosamine,  a-methyl  mannoside.  oligomy- 
cin,  gramacidin.  valinomycin,  carbonyl  cyanide  p- 
trifluoromethoxyphenylhydrazone  (FCCP), 
carbonyl  cyanide  m-chlorophenylhydrazone  (C- 
CCP),  2,4-dinitrophenol.  soybean  lectin  (Glycine 
max),  lectin  from  Bandeiraea  simplici/olia.  Triton 
X-100,  polyoxyethylene  20  oleoyl  ether  (Brij  9)), 
polyoxyethylene  10  stearyl  ether  (Brij  76),  poly¬ 
oxyethylene  23  lauryl  ether  (Brij  35),  polyoxyethy¬ 
lene  sorbitan  monolaurate  (Tween  20),  poly¬ 
oxyethylene  sorbitan  monopalmitate  (Tween  40), 
polyoxyethylene  sorbitan  monostearate  (Tween 
60),  polyoxyethylene  sorbitan  monooleate  (Tween 
80),  sodium  cholate,  sodium  deoxycholate,  dig- 
itonin.  phospholipase  C,  and  cholesterol  were  ob- 
tainted  from  Sigma  Chemical  Company  (St.  Louis, 
MO).  Zwittergent  3-8,  Zwittergent  3-10,  Zwittcr- 
gent  3-12,  Zwittergent  3-14,  Zwittergent  3-16, 
monensin  and  A23187  were  purchased  from 
Calbiochem-Behring  Corp.  (La  Jolla,  CA).  (y- 
32P)labeled  adenosine  5'-triphosphate  was  pro¬ 
vided  by  New  England  Nuclear  (Boston,  MA). 
Ruthenium  Red  was  purchased  from  Aldrich 
Chemical  Corp.  (Milwaukee,  WI).  Lectins  from 
Limulus  polythemus,  Pisum  sativum  and  Arachis 
hypo%aea  were  obtained  from  E-Y  Laboratories 
(San  Mateo,  CA).  Pierce  Chemical  Corp.  (Rock¬ 
ford,  IL)  supplied  the  Chapso,  Chaps,  7-chloro-4- 
nitrobenzo-2-oxa- 1.3-diazole  (NBD  chloride), 
dansyl  chloride,  dimethyl  adipimidate,  dimethyl 


pimelimidate,  d  im  ethyl- 3,3 '-dithiobis(pro- 
pionimidate),  2-iminothiolane,  disuccinimidyl  sub-  > 

erate,  disuccinimidyl  tartarate.  ethylene  glycol 
bis(succinimidyl  succinate)  and  4,4'-difluoro- 
3,3'dinitrophenylsulfone.  ’ 

Methods 

Preparation  of  muscle  subcellular  fractions 

The  back  and  hind  leg  muscles  were  removed 
from  300  g  male  Sprague-Dawley  rats  and  trimmed 
of  red  muscle,  connective  and  adipose  tissue.  After 
chopping  the  muscle  into  small  pieces  (about  0.25 
cm3),  it  was  homogenized  with  a  Polytron  at  low 
speed  for  2  min  in  0.15  M  KC1,  10  mM  N-( 2- 
acetamido)-2-iminodiacetic  acid  (ADA).  10  mM 
3-(  ,V-morphoSino)propanesu)fonic  acid  (MOPS) 

(pH  6.8),  and  5  mM  MgS04  (KC1  solution).  Every 
15  s  the  Polytron  was  stopped  and  the  blade 
cleared  of  connective  tissue.  The  homogenization 
and  all  subsequent  steps  were  performed  at  4°C. 

The  muscle  was  further  homogenized  in  a  50  ml 
Potter-Elvehjem  homogenizer  (five  strokes)  and 
then  centrifuged  at  1500  x  g  for  10  min.  The  pellet 
was  saved  to  prepare  the  crude  myofibril  fraction. 

The  supernatant  was  further  centrifuged  at  10000 
Xg  for  15  min.  The  pellet  was  saved  to  prepare 
the  crude  mitochondrial  fraction  and  the  super¬ 
natant  was  centrifuged  at  53  000  x  g  for  1  h  to 
collect  the  microsomal  fraction.  The  supernatant 
was  saved  to  prepare  the  cytosol  fraction.  The 
microsomal  pellet  was  resuspended  in  KC1  solu¬ 
tion  and  applied  to  a  discontinuous  sucrose  gradi¬ 
ent  containing  10%  (2  ml).  27%  (9  ml),  30%  (6  ml), 

35%  (6  ml),  40%  (6  ml)  and  45%  (3  ml)  sucrose 
made  in  KC1  solution.  The  microsomes  were  frac¬ 
tionated  by  centrifugation  at  130000  X  g  for  3  h. 

The  Mg2+-ATPase  containing  vesicles  were  ob¬ 
tained  at  the  10-27%  interphase  (low  density 
vesicles).  The  sarcoplasmic  reticulum  vesicles  were 
removed  from  the  lower  part  of  the  gradient 
(33-37%  sucrose).  The  low  density  vesicles  were 
diluted  10-fold  in  KC1  solution  and  concentrated  L 

by  centrifugation  at  140000  Xg  for  30  min.  The 
vesicles  were  placed  on  another  discontinuous 
sucrose  gradient  (6  ml  10%  sucrose,  6  ml  27% 
sucrose  made  in  KCI  solution)  and  centrifuged  15 
h  at  130000  x  g.  The  low  density  vesicles  con¬ 
taining  the  Mg:+-ATPase  were  removed  from  the 
10-27%  interphase. 
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The  crude  myofibril  fraction  was  prepared  from 
the  1500  X  g  pellet  by  rehomogenizing  the  pellet  in 
10  volumes  of  KC1  with  the  Polytron  at  medium 
speed.  The  suspension  was  then  centrifuged  1500 
X  g  for  10  min.  The  pellet  was  kept  as  the  crude 
myofibril  fraction. 

The  crude  mitochondrial  fraction  was  prepared 
from  the  first  10000  X  g  pellet  by  resuspending  the 
pellet  in  2 50  ml  of  KC1  solution  and  centrifuging 
the  suspension  at  1500  X  g  for  10  min.  The  super¬ 
natant  was  centrifuged  again  at  10000  x  g  for  15 
min.  The  pellet  was  resuspended  in  250  ml  of  KC1 
and  the  two  centrifugations  were  repeated.  The 
final  pellet  was  used  as  the  crude  mitochondria! 
fraction. 

The  cytosol  fraction  was  obtained  from  the 
53  000  X  g  supernatant.  The  supernatant  was 
centrifuged  100000  xg  for  30  min  and  then  di¬ 
alyzed  24  h  against  KC1  solution. 

Assays 

ATPase  activity  was  measured  using  a  coupled 
enzyme  assay  [7]  or  by  monitoring  the  release  of  P, 
from  [y-3:P]ATP  [8).  Cholesterol  was  measured  by 
the  method  of  Courchaine  et  aL  [9],  following 
extraction  of  membrane  lipids  as  described  by 
Bligh  and  Dyer  (10J.  Total  phospholipid  was  de¬ 
termined  by  measuring  the  amount  of  P;  released 
following  the  digestion  of  the  lipids  by  the  method 
of  Bartlett  [1 1],  Aldolase  [12],  pyruvate  kinase  [13], 
lactate  dehydrogenase  [14],  and  creatine  phos- 
phokinase  [15]  were  assayed  as  previously  de¬ 
scribed.  except  the  assay  medium  was  made  in 
KC1  solution.  5 '-Nucleotidase  was  assayed  by  the 
method  of  Dixon  and  Purdam  [16]. 

SDS-polyacrylamide  gel  electrophoresis 

Polyacrylamide  gel  electrophoresis  was  per¬ 
formed  following  the  method  of  Laemmli  [17] 
using  6-12%  acrylamide  gradient  gels.  Gels  were 
stained  with  0.2%  Coomassie  brilliant  blue  R-125 
in  40%  methanol,  7%  acetic  acid  and  destained 
with  20%  methanol,  7%  acetic  acid. 

The  binding  of  antibodies  and  lectins  to  the 
proteins  separated  by  SDS-polyacrylamide  elec¬ 
trophoresis  was  investigated  by  first  transferring 
the  proteins  electrophoretically  from  the  gel  to  a 
nitrocellulose  sheet  in  25  mM  Tris-HC!  (pH  8.3), 
20%  methanol  at  60  V  (about  200  mA)  using  a 
Bio-Rad  Trans-Blot  cell.  The  nitrocellulose  sheet 


was  incubated  for  1  h  with  1%  bovine  serum 
albumin  in  10  mM  phosphate  buffered  saline  (pH 
7.4)  to  block  the  remaining  protein  binding  sites  of 
the  nitrocellulose  sheet.  To  detect  lectin  binding 
sites,  peroxidase  conjugated  lectins  (100  ml,  1 
fig/ml  proteins)  were  incubated  with  the  nitrocel¬ 
lulose  for  2.5  h.  The  unbound  lectin  was  removed 
by  washing  the  nitrocellulose  sheet  five  times  with 
30  m!  of  phosphate  buffered  saline  containing 
0.05%  Tween  20.  Bound  lectin  was  localized  by 
staining  for  peroxidase  activity  using  4-chloro-l- 
naphthol  as  described  by  Hawkes  et  al.  [18],  After 
staining,  the  nitrocellulose  sheets  were  washed  with 
excess  water. 

Antibody  binding  was  detected  by  first  in¬ 
cubating  the  blocked  nitrocellulose  sheet  with  anti¬ 
serum  (or  control  serum)  diluted  1  to  150  in  phos¬ 
phate  buffered  saline  containing  0.01%  bovine 
serum  albumin  for  3.5  h  at  room  temperature. 
After  the  nitrocellulose  was  then  washed  three 
times  with  phosphate  buffer  saline,  it  was  in¬ 
cubated  with  peroxidase  conjugated  goat  antibody 
to  rabbit  IgG  (0.3  ng/ml  protein)  in  phosphate 
buffered  saline  containing  0.01%  bovine  serum 
albumin.  After  incubating  1  h  at  25°C.  the  nitro¬ 
cellulose  sheet  was  washed  and  stained  with  4- 
chloro- 1  -naphthol  as  described  above. 

Preparation  of  rabbit  antiserum  against  the  low-den¬ 
sity  vesicles 

Before  immunization,  serum  was  collected  from 
the  rabbit  to  serve  as  control  serum.  Low  density 
vesicles  ( 1  mg  protein  emulsified  with  equal  volume 
of  Freund’s  complete  adjuvant)  were  injected  sub¬ 
cutaneously  into  the  back  of  the  rabbit.  The  injec¬ 
tions  were  repeated  after  2  and  4  weeks.  Eleven 
days  after  the  last  injection,  serum  was  collected 
from  the  rabbit  and  stored  at  -20°C. 

Electron  microscopy 

Low  density  vesicles  (0.25  mg  of  protein)  were 
diluted  into  0.1  M  cacodylate  buffer  (pH  7.2)  and 
centrifuged  30  min  at  120000  xg.  The  pellet  was 
fixed  for  1  h  at  4°C  with  2.5%  glutaraldehvde  in 
0.1  M  cacodylate  buffer  containing  1%  tannic  acid. 
The  fixed  pellet  was  then  rinsed  with  0.1  M 
cacodylate  and  then  treated  with  2%  OsO*  in  0.1 
M  cacodylate  buffer.  After  embedding  in  araldite. 
the  pellet  was  sectioned  and  then  stained  with 
uranyi  acetate  and  lead  citrate. 
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Results 


The  highest  specific  activity  of  the  detergent- 
sensitive.  Ca2 '"-independent  Mg2*-ATPase  of  rat 
skeletal  muscle  was  found  in  the  microsomal  frac¬ 
tion  (Table  I).  Low-density  vesicles  in  the  micro¬ 
somal  fraction  which  contained  the  Mg:+-ATPase 
were  separated  from  the  sarcoplasmic  reticulum 
vesicles  by  sucrose  density  centrifugation  (Table  I 
j.nd  Fig.  I).  Following  a  second  sucrose  density 
.entrifugation  (Fig.  1),  no  detectable  Ca1  ■'-depen¬ 
dent  ATPase  activity  remained  in  the  low-density 
vesicle  fraction.  The  specific  activity  of  the  Mg2*- 
•\TPase  of  the  low  density  vesicles  was  26-times 
larger  than  that  of  the  sarcoplasmic  reticulum.  The 
low  density  vesicles  contained  a  much  higher  con¬ 
tent  of  cholesterol  (0.6  ftmol/mg  protein)  and 
5'-nudeotidase  (16  nmol/mg  per  min)  than  the 
microsomal  fraction  (0.1  n  mol/mg  and  0.2 
nmol/mg  per  min.  respectively)  indicating  that  the 
plasma  membrane  and/or  the  transverse  tubule 
membrane  is  also  enriched  in  the  low-density  ves¬ 
icle  fraction. 

Analysis  of  the  protein  composition  of  the  low- 
Jensity  vesicles  by  sodium  dodecyl  sulfate  poly¬ 
acrylamide,  electrophoresis  showed  a  pattern  quite 
distinct  from  that  of  the  myofibril,  mitochondrial. 

TABLE  I 

Mg-*-ATPase  ACTIVITY  OF  MUSCLE  SUBCELLULAR 
FRACTIONS 

V1g;  "-ATPase  was  assayed  in  medium  containing 0. 1 5  M  KCI. 
10  mM  Mops,  5  mM  MgSO<.  16  U/ml  pyruvate  kinase,  5 
U/ml  lactate  dehydrogenase.  0.5  mM  phosphoeno/pyruvate. 
).  15  mM  NADH  and  I  mM  EGTA.  The  ATPase  activity  was 
determined  from  the  imliaJ  rate  NADH  oxidation  as  monitored 
vpcctrophotometrically  at  340  nm.  Inhibition  by  Triton  X-100 
was  measured  by  including  0.1$  Triton  X-100  in  the  assay 
medium. 


Fraction 

Initial  Mg:*-ATPase  activity 
(/i mol/mg  min) 

-  Detergent 

+  0.1$ 

Triton 

1  Crude  myofibril 

0.19 

0.19 

2  Cvtosol 

0.03 

0.006 

y  Crude  mitochondria 

0.14 

0.04 

4  Microsome 

0.25 

0.007 

5  Low-density  vesicles 

6.11 

0.11 

Fig.  1.  Separation  of  micrusotsaf  vesicles  from  rat  skeletal 
muscle.  (A)  First  sucrose  gradient.  Mrcrosomes  (7  ml.  10  mg/ml 
protein)  were  placed  on  a  discontinuous  sucrose  gradient  (9  ml 
27$.  6  ml  30$.  6  ml  40$.  and  3  ml  45$  sucrose  in  KCI 
medium).  After  centrifugation  for  3  h  at  !30000x  g.  the  gradi¬ 
ent  was  fractionated  into  0.9-mI  aliquots  and  the  protein. 
Ca1  "-dependent  and  Ca: '-independent  activity  were  measured 
as  described  in  Methods.  (B)  Second  sucrose  gradient.  Fraction 
9- 16  of  the  first  sucrose  gradient  were  pooled  diluted  with  KCI 
medium  and  concentrated  by  centrifugation  ( 140000 x  g  for 
0.5  h).  The  pellet  was  resuspended  in  KCI  medium  and  applied 
to  another  discontinuous  sucrose  gradient  (6  ml  10$  sucrose.  6 
ml  27$  sucrose  in  KCI  medium).  After  centrifugation  at 
I30000X  g  for  15  h,  the  gradient  was  fractionated  into  0.4-ml 
aliquots  and  the  protein.  Ca:  "-independent  and  Ca:  "-depen¬ 
dent  ATPase  activity  of  each  fraction  were  measured. 

sarcoplasmic  reticulum  or  cytosol  fraction  (Fig. 
2A).  The  major  unique  protein  band  enriched  in 
the  low  density  vesicle  fraction  had  an  apparent 
molecular  weight  of  about  56000.  When  separated 
by  isoelectric  focusing,  this  band  breaks  up  into  a 
series  of  5  spots  with  p/  values  ranging  from  5.4  to 
6  (Fig.  2B).  Many  of  the  proteins  found  in  the 
low-density  vesicles  appear  to  be  simply  trapped 
inside  the  vesicles  during  their  preparation.  The 
protein  with  an  apparent  of  69000  and  a  p/  of 
5. 8-6.0  had  the  same  migration  pattern  as 
authentic  rat  serum  albumin  (Fig.  2B).  Rosemblatt 
et  al.  (4)  identified  serum  albumin  as  a  major 
protein  component  in  low-density  vesicles  isolated 
from  rabbit  skeletal  muscle.  The  protein  with  an 
apparent  of  40000  and  a  pi  of  6. 7-6. 9  gave 
the  same  migration  pattern  as  authentic  creatine 
phosphokinase.  The  activity  of  several  soluble  cy¬ 
toplasmic  enzymes  in  the  low-density  fraction 
showed  a  6-  10-fold  increase  in  activity  upon  addi- 


123456 


Mw 

100,000-,' 

80,000- 

60,000- 


40,000- 


pH 


4.0  5.0 


6.0 


qp 


7.0 

i 


»- 

P- 


8.0 

'  ' 

Mw 

L*-100,000 

-80,000 

_ .-60,000 

-  -40,000 


Fig.  2.  Comparison  of  the  protein  composition  of  the  low-density  vesicle  fraction  with  other  subcellular  fractions  by  SDS-polyacryla- 
mide  electrophoresis.  (A)  SDS-polyacrylamide  gel  electrophoresis  was  performed  by  the  method  described  by  Laemmli  [17]  using 
6-12%  acrylamide  gradient  gels.  Each  sample  except  the  molecular  weight  standards  (10  fig  proteins)  (phosphorylase  b.  bovine  serum 
albumin,  ovalbumin,  carbonic  anhydrase.  soybean  trypsin  inhibitor  and  o-lactalbumin):  lane  2.  cytosol:  lane  3.  mitochondrial 
fraction;  lane  4,  myofibril  fraction;  lane  5,  low  density  vesicles  and  lane  6,  sarcoplasmic  reticulum.  (B)  Two-dimensional  electrophore¬ 
sis  of  the  low-density  fraction.  Procedure  of  0‘Farrell  [25]  was  followed.  Low-density  vesicles  (200  >ig  protein  were  solubilized  in  10% 
Triton  X-100  for  the  first  dimension,  isoelectric  focusing  elec;rophoresis.  A  6-12%  acrylamide  gradient  gel  was  used  for  the  second 
dimension.  SDS  polyacrylamide  gel  electrophoresis. 


lion  of  0.1%  Triton  X-100  (Table  II).  The  latent, 
specific  activity  of  these  enzymes  in  the  low-den¬ 
sity  vesicle  fraction  was  1/6  to  1/25  of  the  specific 
activity  of  these  enzymes  in  the  cytosol  fraction 
indicating  that  up  to  16%  of  the  protein  found  in 
the  low-density  fraction  may  simply  be  trapped  by 
the  vesicles  during  their  preparation. 

The  protein  composition  of  the  low-density 
vesicles  was  further  characterized  by  identifying 
the  wheat  germ  agglutinin  binding  proteins.  Wheat 
germ  agglutinin  is  a  lectin  which  binds  to  glyco¬ 
proteins  containing  Af-acetylglucosamine.  The  pro¬ 
teins  of  each  subcellular  fraction  were  first  sep¬ 
arated  by  SDS-polyacrylamide  electrophoresis  and 
then  transferred  onto  a  nitrocellulose  sheet.  The 
binding  of  peroxidase  conjugated  wheat  germ  ag¬ 
glutinin  to  the  protein  bands  was  visualized  using 


the  peroxidase  stain.  4-chloro-l-naphthol.  This 
method  was  not  sensitive  enough  to  detect  any 
wheat  germ  agglutinin  binding  proteins  in 
mitochondrial,  cytosol,  myofibril,  or  sarcoplasmic 
reticulum  fractions  but  at  least  6  major  bands  and 
15  minor  bands  appeared  in  the  low-density  ves¬ 
icle  fraction  indicating  an  enrichment  of  glycopro¬ 
teins  in  this  fraction  (data  not  shown).  In  the 
presence  of  0.1  M  A^-acelylglucosamine.  no  wheat 
germ  agglutinin  binding  to  the  low-density  vesicle 
fraction  was  observed. 

The  location  of  the  proteins  in  the  low  density 
vesicles  was  investigated  using  trypsin  digestion 
and  fluorescamine  labeling  of  intact  and  solubi¬ 
lized  membranes.  Addition  of  trypsin  to  intact 
vesicles  resulted  in  the  rapid  digestion  of  the 
200000  and  100000  A/w  proteins  (Fig.  3).  The 
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TABLE  II 

LATENT  ACTIVITY  OF  CYTOSOL  ENZYMES  IN  THE  LOW-DENSITY  VESICLES 

Aldolase,  laciate  dehydrogenase,  creatine  phosphokinase  and  pyruvate  kinase  activities  in  the  low  density  vesicles  and  cytosol  fraction 
were  assayed  in  K.C1  solution  with  and  without  0.1%  Triton  X-100  as  described  in  Methods. 


Enzyme  activity  (p  mol/mg  min) 

Aldolase 

Lactate 

dehydrogenase 

Creatine 

phosphokinase 

Pyruvate 

kinase 

Low-density  vesicles 

—  detergent 

0.5 

0.09 

1.3 

0.07 

+  0.1%  Triton  X-100 

4.1 

1.10 

6.3 

0.61 

Cytosol 

-  detergent 

24.7 

11.0 

144 

6.3 

+  0.1%  Triton  X-100 

24.7 

11.0 

144 

6.3 

MOMJTY 


Fig.  3.  Digestion  of  low-density  vesicles  with  trypsin.  (A) 
Low-density  vesicles  (4.5  mg/ml)  were  incubated  in  0.15  M 
KCI,  10  mM  Mops,  5  mM  MgSO*  at  25'C.  Aliquots  (50  pi) 
were  removed  before  (1).  or  I  min  (11),  10  min  (III),  or  100  min 
(IV),  after  the  addition  of  trypsin  (2  pg/ml).  PMSF  (0.2  mM) 
was  immediately  added  to  the  aliquots  to  inhibit  the  trypsin. 
After  all  the  aliquots  were  collected,  they  were  analyzed  by 
SDS-polyacrylamide  gel  electrophoresis  as  described  in  Meth¬ 
ods  The  gels  were  stained  with  Coomassie  blue,  destained  and 
scanned  with  a  Gelford  gel  scanner  at  550  nm.  Mobilities  of  the 


56000  A/w  protein  appeared  to  be  cleaved  to  form 
a  protein  of  about  5 !  000  A/w.  Most  of  the  other 
proteins  seem  to  be  unaffected  by  trypsin.  The 
Mg2+-ATPase  activity  was  not  influenced  by 
trypsin  even  at  a  concentration  of  1  mg/ml  in¬ 
cubated  for  30  min  at  25°C.  After  solubilization 
the  low-density  vesicles  with  deoxycholate,  all  the 
proteins  became  susceptible  to  proteolytic  diges¬ 
tion  with  the  exception  of  a  35000  Mw  protein. 
The  addition  of  the  nonpermeable  cyclo- 
heptaamylose-fluorescamine  complex  to  intact 
vesicles  predominantly  labeled  the  100000  and 
56000  Mw  proteins  (Fig.  4).  Under  the  same 
conditions  the  Mg2+-ATPase  was  inhibited  55%. 
All  the  proteins  appeared  to  be  labeled  after  the 
membranes  were  solubilized  with  sodium  dodecyl 
sulfate  (Fig.  4).  These  experiments  indicate  that 
the  100000  and  56000  A fw  proteins  are  exposed  to 
the  external  medium  while  most  of  the  other  pro¬ 
teins  become  exposed  only  after  disruption  of  the 
vesicle  membrane. 

Since  the  specific  activity  of  purified  Mg2+- 
ATPase  is  not  known,  the  percentage  of  the  vesicles 
in  the  low  density  vesicle  fraction  which  actually 
contains  the  Mg2*-ATPase  cannot  be  estimated. 
The  high  content  of  cholesterol.  5'-nucleotidase 
and  glycoproteins  in  the  low-density  vesicle  frac¬ 
tion  suggests  that  at  least  some  of  the  vesicles  are 


molecular  weight  standards  are  indicated  by  the  arrows:  I, 
phosphorylase  b‘.  2,  bovine  serum  albumin:  3.  ovalbumin:  4. 
carbonic  anhydrase:  5.  soybean  trypsin  inhibitor.  (B)  Same  as 
A,  except  low  density  vesicles  were  solubilized  with  5  mg/ml 
deoxycholate  before  the  trypsin  addition. 
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Fig.  4.  Fluorescamine  labeling  of  low-density  vesicles.  (Lanes  A 
and  B).  Low-density  vesicles  (2  mg  protein/ml)  were  incubated 
m  0.25  M  sucrose.  10  mM  imidazole  (pH  7.5)  and  2.5  mg/ml 
cycloheptaamylose-fluorescamine  for  30  min  at  37°C.  After 
glycine  (0.25  M)  was  added  to  react  with  the  remaining  fluo¬ 
rescamine,  5%  SDS  and  1%  /3-mercaptoethanol  were  added  and 
the  sample  was  heated  at  100°C  for  5  min.  A  40-pl  aliquot  was 
then  removed  and  analyzed  by  SDS-polyacrylamide  electro¬ 
phoresis.  The  gel  was  photographed  under  ultraviolet  light  with 
the  shutter  opened  for  1  min  to  detect  the  proteins  labeled  with 
fluorescamine  (lane  B)  and  then  the  proteins  stained  with 
Coomassie  brilliant  blue  R- 115  (lane  A).  (Lanes  C  and  D) 
Same  as  lanes  A  and  B  except  0.2%  SDS  was  included  in  the 
fluorescamine  incubation  solution  to  solubilize  the  low-density 
vesicles.  Mobilities  of  the  molecular  weight  standards  are  indi¬ 
cated  by  the  arrows:  I.  phosphorylase  b  (94000);  2.  bovine 
serum  albumin  (67000);  3,  ovalbumin  (43000);  4,  carbonic 
anhydrase  (30000);  5,  soybean  trypsin  inhibitor  (20000);  and  6. 
a-lactalalbumin  ( 14000). 

derived  from  the  plasma  membrane  and/or  the 
transverse  tubule.  However,  the  low-density  vesicle 
fraction  may  contain  membranes  from  other 
sources,  so  the  localization  of  the  Mg 2 +- ATPase  is 
not  possible  at  this  time. 

Electron  micrographs  of  the  low  density  frac¬ 
tion  indicated  a  heterogeneous  population  of 
vesicles  of  various  sizes  present  in  the  low-density 
fraction. 


Rate  of  ATP  hydrolysis  by  the  Mg1  *-A  TPase 

The  rate  of  ATP  hydrolysis  by  the  Mg:*- 
ATPase  as  monitored  by  the  enzyme  coupled  as¬ 
say  as  nonlinear  but  declined  exponentially  (first- 
order  rate  constant  s  0.2  min-'  at  37°C)  (Fig.  5). 
Similar  results  were  obtained  when  ATP  hydroly¬ 
sis  was  assayed  by  measuring  the  rate  of  P,  release 
from  [y-32P]ATP.  Addition  of  2  mM  K2HP04 
had  no  effect  on  the  Mg2*-ATPase  activity,  indi¬ 
cating  that  the  decline  in  ATPase  activity  is  not 
due  to  phosphate  release  from  ATP.  In  the  cou¬ 
pled  enzyme  assay,  ATP  is  regenerated  from  ADP 
by  pyruvate  kinase  and  phosphoeno/pyruvate,  so 
the  decay  in  ATPase  activity  was  not  due  to  ADP 
accumulation.  The  initial  rate  of  ATP  hydrolysis 
was  found  to  be  directly  proportional  to  the  pro¬ 
tein  concentration  of  the  low-density  vesicles  from 
1  to  5  fig/m\  using  the  coupled  enzyme  assay  and 
from  10  to  100  /ig/ml  using  the  [y-,:P)ATP  assay. 
The  rate  of  inactivation  was  independent  of  the 
protein  concentration. 

In  the  absence  of  ATP.  the  rate  of  inactivation 
was  600-times  slower  than  that  in  the  presence  of 
ATP  (Figs.  5  and  6).  The  rate  of  inactivation  of 
the  Mg:  ‘-ATPase  was  also  accelerated  by  the 
addition  of  the  non-hydrolyzable  ATP  analogue 
Ado/>/’[NH]P  (Fig.  7).  When  added  together  with 
ATP,  Ado/>P[NH]/>  was  a  competitive  inhibitor 
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Fig.  5  Rate  of  ATP  hydrolysis  by  the  Mg:‘-ATPase.  (A)  Rate 
of  ATP  hydrolysis  by  MgJ ‘-ATPase.  ATP  hydrolysis  was 
measured  by  the  enzyme  coupled  assay  at  37°C  in  medium 
containing  0.15  M  KC1.  10  mM  ADA,  10  mM  Mops  (pH  6.8). 
5  mM  MgSO,,  0.5  mM  phosphorno/pvruvate.  16  U/ml  pyru¬ 
vate  kinase.  5  U/ml  lactate  dehydrogenase.  0.15  mM  NADH. 
2.0  mM  ATP,  1.5  mM  EGTA  and  I  jig  protein/ml  low-density 
vesicles  (•).  Wheat  germ  agglutinin  (20  jig/ml)  was  added 
before  ATP  (O)  or  1.5  (v),  6  (A),  or  7  (□)  min  after  ATP 
addition.  (B)  Data  from  panel  A  replotted  on  a  logarithmic 
graph. 


best  available  copy 


TABLE  III 

EFFECT  OF  ATP  PRETREATMENT  ON  THE  Mg3'- 
ATPase  ACTIVITY 

Low-density  vesicles  (20  ml.  13.5  jig  protein/ml)  were  in¬ 
cubated  30  min  at  25°C  in  0.15  M  KCI.  10  mM  Mops  (pH  6.8). 
5  mM  MgS04  I  mM  EGTA,  5  mM  ATP.  A  control  sample  was 
incubated  in  medium  lacking  the  ATP.  The  samples  were  then 
centrifuged  1 30000  xg  for  30  min  and  the  pellet  was  resus¬ 
pended  in  KCI  solution  at  a  final  protein  concentration  of  0.6 
mg/ml.  Aliquots  were  removed  from  the  resuspended  vesicles 
at  various  times  to  assay  for  ATPase  activity  as  described  in 
Fig.  5. 


Preincubation 

medium 

Time  after 

preincubation 

(min) 

Initial  rate 
of  ATP 
hydrolysis 

Inactivation 

rate 

(min' ') 

Control 

5 

21  9 

0.21 

30 

23.2 

0.21 

150 

19.2 

0.19 

+  ATP 

5 

5.5 

0.10 

30 

5.0 

0.10 

150 

68 

0.11 

of  ATP  hydrolysis  by  the  Mg2*- ATPase  ( K,  =  0.26 
mM.  data  not  shown),  bat  when  added  in  the 
absence  of  ATP.  AdoPP[NH)P  caused  inactiva¬ 
tion  of  the  Mg: '-ATPase. 

The  Km  of  the  Mg2 '-ATPase  for  ATP  was 


Fig  6.  Rate  of  inactivation  of  Mg 3  '-ATPase  in  the  absence  of 
ATP.  Low-density  vesicles  <26  US  protein/ml)  were  incubated 
at  the  indicated  temperature  in  0.15  M  KCI.  10  mM  ADA.  10 
mM  Mops  (pH  6.8).  5  mM  MgS04,  5  mM  sodium  azide. 
Aliquots  (50  ul)  were  removed  at  various  times  and  the  initial 
ATPase  activity  was  measured  by  the  coupled  enzyme  assay  at 
25°C 
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Fig.  7.  Rate  of  inactivation  of  the  Mg 3 '-ATPase  in  the  pres¬ 
ence  of  Ado/’PjNHlP  Low-density  vesicles  (0.6  mg/ml)  were 
incubated  at  2i°C  in  0.15  M  KCI.  10  mM  Mops.  10  m.M  ADA 
(pH  6  8)  5  mM  MgSO*  and  either  0.1  mM  (O).  0.2  mM  (■). 
0.4  mM  (□)  or  2.0  mM  (a)  AdoPPJNHJP.  The  control  lacked 
AdoPP{NH]P  (•).  At  various  times  aliquots  (10  ql)  were 
removed  and  assayed  for  ATPase  activity  using  the  coupled 
enzyme  assay  at  37°C.  The  data  is  reported  as  the  ratio  of  the 
initial  rate  of  ATP  hydrolysis  at  the  various  times  to  the  initial 
rate  of  ATP  hydrolysis  at  /  *  0  of  the  sample  lacking 
Ado/7>|NH]/>.  The  vesicle  suspension  was  diluted  200-fold 
into  the  assay  medium  so  that  ihe  highest  concentration  of 
AdoPP{NH)P  in  the  assay  medium  was  10  q.M  which  did  not 
significantly  effect  the  ATPase  activity  (AdoPP[NH]P  is  a 
competitive  inhibitor  of  the  Mg3 '-ATPase  with  a  K,  «  0.26 
mM). 


determined  to  be  0.2  mM.  The  rate  of  ATP  hydrol¬ 
ysis  and  the  rate  of  ATP-dependent  inactivation 
did  not  vary  between  pH  5.5  and  8.5.  The  rate  of 
ATP  hydrolysis  and  the  rate  of  ATP-dependent 
inactivation  assayed  with  [y-3:P)ATP  was  not  sig¬ 
nificantly  altered  when  the  0.15  M  KCI  in  the 
assay  medium  was  replaced  with  any  of  the  follow¬ 
ing:  0.15  M  NaCl.  0.15  M  LiCl.  0.15  M  RbCl.O.lS 
M  CsCl.  0.15  M  sodium  acetate.  0.15  M  sodium 
bicarbonate.  0.15  M  sodium  aspartate.  0.15  M 
disodium  maleate.  0.15  M  sodium  isothiocyanate. 
0. 15  M  lysine  chloride  or  0.3  M  sucrose.  Various 
ionophores  (gramicidin,  valinomvcin.  monensin. 
A23187,  CCCP.  FCCP.  dinitrophenol)  and  inhibi¬ 
tors  of  other  ATPase  enzymes  (oligomvcin. 
ouabain,  vanadate,  quercetin,  sodium  azide, 
sodium  arsenate)  had  no  significant  effect  on  the 
effect  on  the  activity  of  the  Mg2 '-ATPase.  Neither 
the  rate  of  ATP  hydrolysis  nor  the  rate  of  ATP-de¬ 
pendent  inactivation  was  significantly  influenced 
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bv  0.1  mM  cytocholasin  B.  0.1  mM  vinblastin  or 
10  colchicine.  No  apparent  alteration  of  the 
protein  composition  of  the  low-density  vesicles  as 
analysed  by  SDS-polyacrylamide  electrophoresis 
was  observed  after  treatment  with  ATP  (data  not 
shown).  Neither  the  serine  protease  inhibitor  phen- 
ylmethylsulfonyl  fluoride  nor  the  sulfhydryl  rea¬ 
gents  5,5'-dithiobis(2-nitrobenzoic  acid)  acid  and 
A'-ethylmaleimide  had  any  e//e ct  on  the  ATP-de- 
pendent  inactivation  rate  of  the  Mg2*-ATPase. 

The  effect  of  temperature  on  ATP  hydrolysis  by 
the  Mg2*-ATPase  is  shown  in  Fig.  8.  The  energy 
of  activation  for  ATP  hydrolysis  and  ATP-depen- 
denl  inactivation  determined  from  an  ArThenius 
plot  of  the  data  in  Fig.  8  was  4.0  kcal/mol  and 
14.4  kcal/mol,  respectively. 

Effect  of  lectins  on  the  Mg'  * -ATPase  activity 

The  ability  of  lectins  to  influence  the  activity  of 
the  Mg2*-ATPase  was  investigated.  Of  the  lectins 
tested,  only  wheat  germ  agglutinin  and  con- 
canavalin  A  altered  the  Mg2*-ATPase  activity. 
Wheat  germ  agglutinin  and  concanavalin  A  bind 
/V-acetylglucosamine  and  D-mannose  residues,  re¬ 
spectively.  Lectins  from  Limulus  polyhemus,  Pisum 
sativum,  Arachis  hypogaea  and  Glycine  max  had  no 
effect  on  the  Mg2*-ATPase  concentrations  up  to 
50  pg/m\  protein.  Wheat  germ  agglutinin  and 


Fig.  8.  Rate  of  inactivation  of  the  MgJ‘-ATPase  in  the  pres¬ 
ence  of  ATP.  ATPase  activity  was  measured  by  the  coupled 
enzyme  assay  at  the  indicated  temperature  in  medium  contain¬ 
ing  0.15  M  KCI,  10  mM  ADA.  10  mM  Mops  (pH  6.8).  5  mM 
MgS04.  0.5  mM  phosphoeno/pyruvate.  16.8  U/ml  pyruvate 
kinase.  4.8  U/ml  lactate  dehydrogenase,  0.15  mM  NADH,  2.0 
mM  ATP,  1.5  mM  EGTA  and  1.7  /»g  protein/ml  low-density 
vesicles.  The  rate  of  ATP  hydrolysis  was  determined  from  the 
change  in  the  NADH  absorbance  at  540  nm. 


concanavalin  A  were  able  to  completely  block 
ATP-dependent  inactivation  (Table  IV).  They  were 
also  able  to  block  the  inactivation  of  the  Mg2*- 
ATPase  induced  by  AdoPP[NH]P  (Table  V).  If 
wheat  germ  agglutinin  was  added  to  the  assay 
medium  following  ATP  addition,  further  inactiva- 
'tion  was  prevented,  but  the  initial  rate  of  ATP 
hydrolysis  was  not  restored  (Fig.  5).  Similar  results 
were  obtained  with  concanavalin  A.  Inhibition  of 
ATP-dependent  inactivation  of  the  Mg2*- ATPase 
by  lectins  was  completely  reversible.  Addition  of 
0.1  M  iV-acetylglucosamine  to  the  assay  medium 
eliminated  the  effect  of  wheat  germ  agglutinin  on 
the  Mg2*-ATPase  activity  even  when  added  after 
ATP  hydrolysis  is  initiated.  Similar  results  were 
obtained  when  a-methyl  mannoside  was  added  to 
the  assay  medium  containing  concanavalin  A. 
These  results  indicate  that  wheat  germ  agglutinin 
and  concanavalin  A  must  bind  to  the  membrane  in 
order  to  prevent  the  inactivation  of  the  Mg2*- 
ATPase  and  that  the  effect  of  these  lectins  on  the 
Mg2*-ATPase  is  completely  reversible. 

ConcanavaliD  A  and  wheat  germ  agglutinin 
shifted  the  Kmoi  the  Mg2*-ATPase  for  ATP  from 
0.2  mM  to  0.34  mM. 

TABLE  iv 

EFFECT  OF  WHEAT  GERM  AGGLUTINIIN.  CON¬ 
CANAVALIN  A  AND  RABBIT  ANTISERUM  ON  THE 
Mg ATPase  ACTIVITY 

Mg:*-ATPase  was  assayed  as  described  in  Fig.  5.  Low-density 
vesicles  (1.8  m/ml)  were  added  to  the  assay  medium  I  min 
before  the  addition  of  2  mM  ATP.  When  tested,  the  lectins, 
sugars,  antiserum  or  control  serum  were  added  to  the  assay 
medium  before  the  addition  of  the  low-density  vesicles. 


Addition 

(n mol/mg  per  min) 

Initial  rate 

ATP  hydrolysis 
(min' ') 

Inactivation 

rate 

I  Control 

8.9 

0.26 

2  +  wheat  germ  agglutinin 

5.9 

0 

(70fig/ml) 

3  +  wheat  germ  agglutinin 

7.3 

0.29 

(70  ng/ml)  and  V-acetyl¬ 
glucosamine  (0. 1  M) 

4  +  concanavalin  A  (40  pg/ml) 

6.9 

0 

5  +  concanavalin  A 

7.6 

0.35 

(40  >ig/ml )  and  o-methyl- 
mannoside  (0.1  M) 

6  +  rabbit  antiserum  (1  :  700) 

5.8 

0 

7  +  control  serum  ( 1  :  700) 

10.1 

0.23 
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TABLE  V 

EFFECT  OF  WHEAT  GERM  AGGLUTININ,  CON- 
CANAVALIN  A  AND  RABBIT  ANTISERUM  ON 
AdoP/>{NH)/MNDUCED  INACTIVATION  OF  THE 
Mg 2 ‘-ATPase 

Low-density  vesicles  (0.38  mg  protein/ml)  were  incubated  at 
25°C  in  KCI  solution  with  the  indicated  additions  for  60  min. 
The  vesicles  were  then  diluted  400-fold  into  Mg 2 ‘-ATPase 
assay  medium  and  the  initial  rate  of  ATP  hydrolysis  was 
determined  as  described  in  Fig.  S. 


Incubation  medium  ATPase  activity 

(%  of  control) 

Control  (no  AdoW[NH]P)  100 

•+2  mM  Ado/’P[NH)/>  26 

■f  2  mM  AdoPP[NHJP  and  wheat  91 

germ  agglutinin  (I  mg/ml) 

4  2  mM  AdoPPfNHlP  and  wheat  49 

germ  agglutinin  ( I  mg/ml)  and 
.V-acetylglucosamine  (33  mM) 

4  2  mM  AdoPP(NH]P  and  84 

concanavaiin  A  (2.5  mg/ml) 

4  2  mM  AdoPP[NH]P  and  26 

concanavaiin  A  (2.5  mg/ml)  and 
a-methyl  mannoside  (33  mM) 

4  2  mM  AdoPP[NH]P  and  rabbit 
antiserum  (1 :  100)  85 

4  2  mM  AdoPP[NH]P  and 
control  serum  (1  : 100)  30 


Effect  of  rabbit  antiserum  to  the  low-density  vesicles 
on  the  Mg2  +  -ATPase  activity 

The  effect  of  rabbit  antiserum  produced  against 
the  low  density  vesicles  on  the  Mg2+-ATPase  ac¬ 
tivity  was  similar  to  that  of  wheat  germ  agglutinin 
and  concanavaiin  A.  The  initial  rate  of  ATP  hy¬ 
drolysis  was  slightly  decreased  by  the  antiserum, 
but  the  ATP-dependent  inactivation  was  com¬ 
pletely  blocked  (Table  VI).  Control  serum  had 
little  effect  on  the  Mg*+-ATPase  activity.  Rabbit 
antiserum  also  prevented  inactivation  of  the 
Mg* *-ATPase  by  AdoP/>[NH]P  (Table  VI).  Like 
the  wheat  germ  agglutinin,  rabbit  antiserum  was 
found  to  bind  to  a  variety  of  proteins  in  the  low 
density  fraction  (data  not  shown). 

Effect  of  glutaraldehyde  on  the  Mg2  * -A  TPase  activ- 
ity 

Glutaraldehyde  is  a  cross-linking  reagent  which 
is  able  to  react  with  amine  groups  of  protein  and 
lipids.  Immediately  after  adding  2.5%  glutaralde¬ 
hyde  to  a  suspension  of  low-density  vesicles  at 
1°C,  the  initial  rate  of  ATP  hydrolysis  and  the  rate 
of  ATP-dependent  inactivation  decreased  36 %  and 
54%.  respectively  (Fig.  9).  After  a  30  min  incuba- 


TABLE  vi 

EFFECT  OF  WHEAT  GERM  AGGLUTININ.  CONCANAVALIN  A,  AND  RABBIT  ANTISERUM  ON  THE  INCUBATION 
OF  THE  Mg2 ‘-ATPase  IN  THE  PRESENCE  OF  DETERGENTS 

Mg2 ‘-ATPase  activity  was  measured  as  described  in  Fig.  10  except  wheal  germ  agglutinin  (20  jig/ml).  concanavaiin  A  (50  jj g/ml) 
and  rabbit  antiserum  (1 : 700)  were  included  in  the  assay  medium  where  indicated.  Not  determined.  N.D. 


Detergent  Control  Wheat  4  Concanavaiin  4  Rabbit 


Initial 

ATPase 

rate(min"’) 

<*) 

Inactiva¬ 
tion  rate 

germ 

agglutinin 

Initial 

ATPase 

rate 

<*) 

Inactiva¬ 
tion  tale 
(min-') 

A 

antiserum 

Initial 

AT  Pase 

rate 

<%) 

Inactiva¬ 
tion  rate 
(min  -  1 ) 

Initial 

ATPase 

rate 

<T) 

Inactiva¬ 
tion  rate 
(min'  ') 

- 

100 

0.28 

75 

0 

95 

0 

102 

0 

25  )»g/ml  Brij  35 

'  96 

0.75 

83 

0 

95 

0 

87 

0 

100  Mg/ml  Brij  35 

85 

1.76 

83 

0 

94 

0 

75 

0 

2000  n  g/ml  Brij  35 

120 

1.54 

83 

0.08 

94 

0.07 

N.D. 

N.D. 

100  /i  g/ml  Chapso 

93 

0.41 

65 

0 

88 

0 

91 

0 

250  Mg/ml  Chapso 

82 

1.62 

65 

0.05 

79 

0 

70 

0.05 

1  000  ii g/ml  Chapso 

- 

<  3 

56 

0.14 

41 

0.1 

58 

0.12 

1  Mg/ml  Triton  X-100 

94 

0.29 

75 

0 

90 

0 

88 

0 

10  ug/ml  Trison  X-100 

85 

0.42 

63 

0 

92 

0 

96 

0 

50  jig/ml  Triton  X-100 

60 

0.76 

47 

0.06 

77 

0.09 

94 

0.10 
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Fig  9  Effect  of  glutaraldehyde  on  Mg1 '-ATPase  activity 
Low-density  vesicles  (0.2  mg  protetn/ml)  were  incubated  at 
l*C  in  O.IS  M  KC1.  10  mM  Mops  (pH  6.8),  5  mM  MgSO.,  and 
2.31  (a,  a.  <£>)  or  0  251  (•. Oi  glutaraldehydc.  Controls  lacked 
gluuraldehyde  (#.  O).  Aliquou  (S  pi)  were  removed  at  various 
times  and  diluted  into  2  ml  of  ATPtse  assay  medium  to 
determine  the  initial  rate  of  ATP  hydrolysis  (O.  a.Q,  0)  And 
the  rate  of  inactivation  (•.  a,  ■)  as  described  in  Fig  5  In  one 
experiment  (<>)•  the  vesicles  incubated  m  2  5%  glutaraldehyde 
were  assayed  in  medium  containing  0.1%  Truon  X-100  in  order 
lo  measure  detergent-resistant  ATPase 


tion  in  2.5%  glutaraldehyde,  tbe  Mg:*-ATP 
showed  no  ATP-dependent  inaettvauon  bui  ihe 
initial  rale  of  ATP-hydrolysis  was  reduced  by  58%. 
Similar  results  were  obtained  in  0,25%  glutaralde¬ 
hyde,  except  the  rate  at  which  ATP-depcndcnt 
inactivation  was  inhibited  was  greatly  reduced  (Fig. 
9). 

The  Mg:‘-ATPase  of  low-density  vesicles  not 
treated  with  glutaraldehyde  was  completely 
inhibited  by  0.1%  Triton  X-100.  But  after  an  hour 
incubation  with  2.5%  glutaraldehyde  at  leC,  1% 
Triton  X-100  inhibited  the  MgJ  '-ATPase  by  only 
42%  (Fig.  9)  In  conclusion,  cross-linking  the  mem¬ 
brane  components  with  glutaraldehyde  of  the 
low-density  vesicles  ( I )  completely  blocked  ATP- 
dependent  inactivation  while  inhibiting  the  initial 
rate  of  ATP  hydrolysis  up  to  68%,  and  (2)  increased 
the  resistance  of  the  MgJ  '-ATPase  to  detergents. 

Several  other  cross-linking  reagents  which  were 
tested  (dimethyl  pimelimidate.  dimethyl  3.3'-dt- 
thiobis(propiommidate).  2-inunothiolane.  disuc- 
cinimidyl  suberate,  and  ethylene  glycol  bissuc- 
cimmicyl  succinate)  also  prevented  inactivation. 
When  incubated  with  the  low  density  vesicles  at  a 
concentration  of  SO- 5  mM  in  0.1  M  triethylamine 


(pH  8.0)  for  30  min  at  25°C,  they  reduced  the 
initial  rate  of  ATP  hydrolysis  of  the  MgJ ‘-ATPase 
5-90%  and  completely  eliminated  ATP-dependent 
inactivation.  Glutaraldehyde  (50  mM)  under  the 
same  conditions  reduced  the  initial  rate  by  44%. 

~~  Effect  of  detergents  on  the  Mg2  * -ATPase  activity -  ~~ 
At  low  concentrations;  detergents  maybe  incor¬ 
porated  into  biological  membranes  affecting  mem¬ 
brane  fluidity  and  protein-lipid  interaction.  At 
higher  concentrations,  some  detergents  can  totally 
disrupt  the  membrane  leading  to  the  formation  of 
micelles  containing  varying  amounts  of  lipid,  pro¬ 
tein  and  detergent.  At  low  concentrations  of  deter¬ 
gents  and  short  incubation  times,  the  initial  rate  of 
MgJ ‘-ATPase  was  only  slightly  altered,  while  the 
rate  of  ATP-dependent  inactivation  was  greatly 
accelerated.  Fig.  10  shows  the  effect  of  Chapso, 
Brij  35  and  Tnton  X-100  on  the  MgJ‘-ATPase 
activity.  Similar  results  were  obtained  with  Tween 
20.  Tween  40,  Tween  60,  Tween  80,  Nomdet  P-40, 
cholate.  Chaps.  Digitonin,  Brij  76,  Brij  99.  Zwitter- 
gent  3-08,  Zwittergent  3-10,  Zwittergent  3-12. 
Zwittergent  3-14,  Zwittergent  3-16,  octylglucoside 


Fig.  10.  Effect  of  Chapso,  Bnj  35  end  Tnton  X-100  on  Mg:'- 
ATPase  activity  measured  by  the  coupled  enzyme  assay  at 
37‘C  in  medium  con  taming  0.1 5  M  KCI.  10  mM  ADA.  10  mM 
Mops  (pH  6.8),  5  mM  MgSO,.  16  L/ml  pyruvate  kjnase.  5 
U/m)  I  sc  tele  dehydrogenase.  05  mM  phosphor-no/ pyruvate 
and  0  15  M  NADH  Chapso.  Bnj  35  or  Tnton  X-100  was 
added  to  the  assay  medium  at  a  final  concentration  of  0  00025% 
(O).  0  001%  (o).  00025%  (Dl.  001%  (■)  or  0  025%  (r>  The 
control  (•)  lacked  dclcrgcm  Low-densuv  vesicles  (3  4  pg  pro¬ 
tetn/ml)  were  added  I  min  before  the  reaction  was  initialed 
with  2  mM  ATP.  The  rate  of  ATP  hydrolysis  was  determined 
from  the  rale  of  NADH  osidation  as  monitored  spectrophoto- 
metncally  at  340  nm 


and  lysophosphatidylcholine.  Some  detergents  such 
as  Brij  35  and  Tween  80  were  unable  to  solubilize 
the  Mg2+-ATPase  even  at  high  concentrations  (the 
Mg2--ATPase  was  still  precipitable  by  centrifuga¬ 
tion  at  100000  xg  for  10  min).  These  detergents 
increased  the  inactivation  rate  10-fold  at  a  con¬ 
centration  of  0.05%  (3.4  fig  protein/ml  low-den¬ 
sity  vesicles)  but  additional  increases  in  the  deter¬ 
gent  concentration  had  no  effect.  Wheat  gem 
agglutinin,  concanavalin  A  or  antiserum  prevented 
the  ATP-dependent  inactivation  of  the  Mg2-- 
ATPase  even  in  the  presence  of  2%  Brij  35  (Table 
VI).  Other  detergents  such  as  Chapso,  Triton  X- 
100,  Nonidet  P-40,  cholate.  octylglucoside  and 
Zwittergent  3-16  completely  solubilized  the  mem¬ 
brane  at  high  detergent  to  protein  ratios,  at  which 
no  Mg2+-ATPase  activity  was  observed.  At  low 
detergent  concentrations,  the  inactivation  rate  was 
increased  with  little  change  in  the  initial  rate  of 
ATP  hydrolysis.  Wheat  germ  agglutinin,  con¬ 
canavalin  A  or  antiserum  could  still  block  the 
ATP-dependent  inactivation  of  the  Mg2*-ATPase 
at  low  concentrations  of  Chapso  and  Triton  X-100, 
but  inactivation  still  occurred  at  higher  concentra¬ 
tions  (Table  VI). 

Discussion 

The  Mg2*-ATPase  of  rat  skeletal  muscle  had 
the  unusual  property  of  ATP-dependent  inactiva¬ 
tion.  Inactivation  could  also  be  induced  by  the 
nonhydrolyzable  ATP  analogue  AdoPP[NH]P. 
The  rate  of  ATP-dependent  inactivation  was  in¬ 
creased  by  detergents  (Fig.  10)  and  temperature 
(Fig.  8).  Inactivation  was  inhibited  by  wheat  germ 
agglutinin  (Fig.  5).  concanavalin  A  (Table  IV), 
glutaraldehyde  (Fig.  9)  and  rabbit  antiserum  pro¬ 
duced  against  the  low-densitv  vesicles  (Table  IV). 
Since  ATP-dependent  inactivation  is  blocked  by 
cross-linking  components  of  the  low-density  ves¬ 
icle  membrane  with  lectins,  antibodies  or 
glutaraldehyde.  mobility  of  the  membrane  proteins 
may  be  required  for  inactivation  (Fig.  11).  The 
active  Mg2*-ATPase  may  be  a  protein  complex 
which  dissociates  to  give  inactive  monomers. 
Dissociation  would  be  prevented  by  cross-linking 
the  complex  with  wheat  germ  agglutinin,  con¬ 
canavalin  A,  antibodies  or  glutaraldehyde.  ATP  or 
Ado/>/,[NH]P  would  promote  dissociation.  Deter¬ 


gents  would  increase  the  rate  of  dissociation.  Al¬ 
ternatively,  the  Mg2*-ATPase  may  be  regulated  by  » 

a  separate  protein  which  must  interact  with  the 
Mgl2--ATPase  to  inactivate  it.  Preventing  protein 
mobility  with  cross-linking  reagents,  lectins  or  an-  ' 

tiserum  would  block  the  interaction  of  the  regula¬ 
tory’  protein  with  the  Mg2+-ATPase.  Inactivation 
of  the  Mg^-ATPase  by  the  regulatory  protein 
would  require  ATP  or  Ado/>/>[NH]/>.  A  third 
possibility  is  that  the  Mg2”-ATPase  exists  in  two 
conformational  states,  active  and  inactive.  The 
inactive  state  would  be  stabilized  by  ATP  or 
AdoPP[NH]P.  while  the  active  state  would  be 
stabilied  by  the  binding  of  lectins  or  antibodies  to 
the  Mg2 --AT Pase.  At  the  present  time,  it  is  not 
possible  to  eliminate  any  of  these  proposed  mecha¬ 
nisms  for  the  regulation  of  the  Mg2*-ATPase 
without  further  experimental  data. 

Since  there  is  an  abundance  of  ATP  in  the 
muscle  cell,  something  must  prevent  the  inactiva¬ 
tion  of  the  Mg:*-ATPase  in  vivo.  One  possibility 
is  that  the  Mg:--ATPase  is  not  normally  exposed 
to  ATP.  There  are  numerous  reports  in  the  litera¬ 
ture  on  the  existence  of  ecto-ATPase  enzymes 
which  act  on  extracellular  substrates  [19-24],  If 
the  vesicles  which  contain  the  Mg2*-ATPase  are 
nonpermeable  to  ATP  and  lectins,  then  the  ATP 
and  lectin  binding  sites  must  be  on  the  same  side 
of  the  membrane.  Since  the  extracellular  surface  oi 
muscle  cells  is  heavily  glycosylated,  this  would  be 
the  most  likely  site  of  lectin  binding.  Therefore  it 
is  possible  that  the  active  site  of  the  Mg:--ATPase 
faces  the  extracellular  medium  rather  than  hydro¬ 
lyzing  intracellular  ATP.  A  large  fraction  of  the 
low  density  vesicles  appear  to  be  nonpermeable 
since  (1)  most  of  the  proteins  associated  with  the 
intact  vesicles  were  protected  from  trypsin  diges¬ 
tion  (Fig.  3)  and  from  labeling  with  cyclohepa- 
tamylose-fluorescamine  (Fig.  4),  (2)  a  6-10-fold 
increase  in  the  activity  of  cytoplasmic  enzymes 
trapped  inside  the  low-density  vesicles  was  ob¬ 
served  after  disrupting  the  membrane  with  deter-  4 

gent  (Table  II).  and  (3)  the  efflux  rate  of  s*Rb  (0.5 
min" ')  from  the  vesicles  was  relatively  slow  (data 
not  shown).  It  is  not  known,  however,  if  the 
Mg2+-ATPase  is  associated  with  these  tight 
vesicles. 

Another  possible  way  in  which  the  Mg2“- 
ATPase  retains  its  activity  in  vivo  is  that  inactiva- 
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Fi*  I ).  Regulation  of  Vig: * -ATPase  Mechanism  A.  Active  Mg:*-ATPase  is  a  protein  coa^.L-w.  Dissociation  of  the  protein  complex 
is  promoted  by  ATP  and  detergents  and  leads  to  inactivation  of  Che  ATPase.  Lectins,  untiserum  and  glularaldehyde  prevent 
dissociation  of  the  protein  complex.  Mechanism  B.  Mg^-ATPase  is  inactivated  by  a  regulatory  protein  in  the  presence  of  ATP. 
Lectins,  antiserum  and  glularaldehyde  immobilize  membrane  proteins  preventing  the  interaction  between  the  Mg 2  *- ATPase  and  the 
regulators  protein.  Low  concentrations  of  detergents  increase  the  mobility  of  proteins  in  the  membrane  and  therefore  increase  the  rate 
of  inactivation. 


lion  may  be  blocked  by  a  naturally  occurring 
regulatory  protein  in  a  similar  manner  in  which 
lectins.  antiserum  or  glularaldehyde  prevent  in¬ 
activation  No  such  regulatory  protein,  however, 
was  detected  in  the  muscle  cytosol  fraction  or  rat 
serum. 

During  ine  preparation  of  the  low  density 
c'Mcies.  inactivation  is  partially  prevented  by 
working  at  -t*C.  but  it  is  likely  that  some  inactiva- 
:.on  does  occur.  When  the  Mg**  concentration  of 
the  isolation  medium  was  maintained  below  1  /tM 
with  HDTA  to  inhibit  the  Mg1 ‘-ATPase.  the 
specific  activity  of  the  .Mg : '-ATPase  in  the  low' 
density  vesicles  was  increased  .'-fold.  EDTA  was 
r.i  i  routinely  added  to  the  isolation  medium  since 
:s  .ils.i  caused  an  increase  in  the  contamination 
;  the  low-density  vesicle  traction  with  sarcop- 
reticulum 

1  he  Mg* ‘-ATPase  found  in  the  low -density 
•  e-i.ie-.  was  not  specific  for  skeletal  muscle  r un- 
p  .r  ltshed  data*  A  Mg 2  ’-ATPase  with  very  similar 


properties  as  the  skeletal  muscle  enzyme  was  also 
found  in  low  density  vesicles  isolated  from  heart, 
spleen,  lung,  kidney,  liver,  brain  and  adipose  tis¬ 
sue.  The  Mg2 ‘-ATPase  activity  of  low  density- 
vesicles  from  heart,  spleen  and  adipose  tissue  had 
a  specific  activity  equal  to  or  greater  than  that 
from  skeletal  muscle.  * 

The  function  of  the  Mg 2 ‘-ATPase  is  not  known. 
We  have  found  no  evidence  that  the  Mg* ‘-ATPase 
is  involved  in  ion  transport.  Ti.e  enzyme  requires 
millimolar  amounts  of  Mg:‘  or  Ca: '  for  activity 
but  no  other  ionic  requirements  were  observed. 
The  activity  of  the  ATPase  was  not  influenced  by 
a  variety  of  anions,  monovalent  cations  or  tono- 
phores.  The  efflux  rate  of  **Rb  from  the  low-den¬ 
sity  vesicles  was  not  influenced  by  ATP  nor  was 
ATP-dependent  Ca:‘  uptake  into  the  vesicles  ob¬ 
served.  The  rate  of  ATP  hydrolysis  by  the  low- 
density  vesicles  was  not  influenced  by  preimposed 
negative  or  positive  membrane  potentials  gener¬ 
ated  with  Cl"  or  K*  gradients. 
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We  are  presently  involved  in  developing  tech¬ 
niques  to  solubilize  and  purify  active  Mg:’- 
ATPase  from  skeletal  muscle  in  order  to  better 
characterize  this  enzyme. 
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Summary.  Two-dimensional  crystalline  arrays  of  Ca2 1  -ATPase 
molecules  develop  alter  treatment  of  sarcoplasmic  reticulum 
vesicles  with  Na_,V04  in  a  Ca2 1  -free  medium.  The  influence 
of  membrane  potential  upon  the  rate  of  crystallization  was  stud¬ 
ied  by  ion  substitution  using  oxonol  VI  and  3.3'-diethyl-2.2’- 
thiadiearbocvaninc  (Di  —  S  —  C\<5))  to  monitor  inside  positive 
or  inside  negative  membrane  potentials,  respectively.  Positive 
transmembrane  potential  accelerates  the  rate  of  crystallization 
of  Ca2 ‘-ATPase.  while  negative  potential  disrupts  preformed 
Ca’ ‘-ATPase  crystals,  suggesting  an  influence  of  transmem- 
brane  potential  upon  the  conformation  of  Ca2  ’  -ATPase. 

Key  Words  Ca2  ‘ .  Mg2 *  -ATPase  ■  Ca2  ‘  transport  ■  mem¬ 
brane  potential  •  vanadate  ■  crystals  ■  sarcoplasmic  reticulum 

Introduction 

Two-dimensional  crystalline  arrays  of  the  Ca21 
transport  ATPase  develop  after  treatment  of  sarco¬ 
plasmic  reticulum  vesicles  with  Na,V04  in  a  Ca2  +  - 
frec  medium  (Dux  &  Martonosi,  j 983 r/).  In  order 
to  form  crystals  the  Ca2  *  -ATPase  molecules  must 
assume  the  £,  conformation,  which  is  stabilized 
by  vanadate.  Ca2+  in  concentration  sufficient  to 
saturate  the  high  affinity  Ca2+  binding  site  of  the 
Ca2  f -ATPase  prevents  the  formation  of  ATPase 
crystals  and  disrupts  the  crystals  that  were  formed 
previously  (Dux  &  Martonosi.  1983«).  These  ef¬ 
fects  of  Ca2  *  can  be  attributed  to  the  changes  in 
the  conformation  of  Ca2 1  -ATPase  associated  with 
the  binding  of  Ca2  * .  Based  on  these  observations 
the  crystallization  of  Ca2  4 -ATPase  may  serve  as 
an  indicator  of  the  conformational  requirements 
of  ATPase- ATPase  interactions  in  sarcoplasmic  re¬ 
ticulum  membranes. 

Artificially  imposed  inside  positive  membrane 
diffusion  potential  strongly  accelerated  the  rate  of 
formation  of  Ca2 1  -ATi.ise  crystals  (Dux  &  Mar¬ 
tonosi.  1983/)).  Insi-L-  negative  potential  interfered 
with  the  cryslallizavwn.  and  disrupted  preformed 
Ca2  ‘  -ATPase  crysi  .is.  It  is  assumed  that  the  mem¬ 
brane  potential  alters  the  conformational  equilibri¬ 


um  of  Ca2  4 -ATPase  in  a  manner  that  cither  pro¬ 
motes  or  hinders  the  interaction  between  ATPase 
molecules,  depending  upon  the  direction  of  the  po¬ 
tential  (Dux  &  Martonosi.  1983/)).  These  observa¬ 
tions  may  have  physiological  significance  in  light 
of  the  membrane  potential  changes  in  sarcoplasmic 
reticulum  that  accompany  the  uptake  and  release 
of  Ca2+  in  vivo  (Bczanilla  &  Horowicz.  1975:  Ver¬ 
gara  &  Bczanilla.  1981)  and  in  vino  (Beeler.  1980; 
Beeler,  barmen  &  Martonosi.  1981). 

Incorporation  of  the  Ca2+  transport  ATPase 
into  phospholipid  vesicles  increases  the  permeabili¬ 
ty  of  the  membrane  by  several  orders  of  magnitude 
(Jilka.  Martonosi  &  Tillack,  1975:  Martonosi. 
1975:  Jilka  &  Martonosi.  1977).  Therefore,  in  addi¬ 
tion  to  its  role  in  mediating  ATP-dcpcndcnt  active 
Ca2+  transport,  the  Ca2  + -ATPase  also  contributes 
to  the  passive  permeability  of  the  membrane  to 
ions  and  other  small  molecules.  Considering  the 
effect  of  membrane  potential  on  ATPasc-ATPasc 
interactions  (Dux  &  Martonosi.  1983/))  and  the 
potential  changes  associated  with  the  uptake  and 
release  of  Ca2  +  by  sarcoplasmic  reticulum  (Beeler 
el  a!..  1981 ;  Vergara  &  Bczanilla.  1981)  it  is  tempt¬ 
ing  to  speculate  that  changes  in  the  conformational 
equilibrium  of  Ca2+ -ATPase  under  the  influence 
of  membrane  potential  may  contribute  to  the 
changes  in  the  Ca2+  permeability  of  sarcoplasmic 
reticulum  membrane  by  altering  the  monomer- 
polymer  equilibrium  of  Ca2  + -ATPase  (Martonosi 
et  al„  1977;  Vandcrkooi  ct  al..  1977) 

As  a  first  step  to  test  this  hypothesis  we  ana¬ 
lyzed  the  effect  of  Na,V04  upon  the  magnitude 
and  duration  of  membrane  potential  generated  by 
ion  substitutions  in  rabbit  sarcoplasmic  reticulum 
vesicles,  using  the  voltage  sensitive  dyes  dicthvl- 
thiadicarbocyanine  and  oxonol  VI.  and  compared 
the  changes  in  membrane  potential  with  the  rate 
of  crystallization  ol'Ca2  '-ATPase. 
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Materials  and  Methods 


Sarcoplasmic  reticulum  resides  were  prepared  from  predomi¬ 
nantly  while  rabbit  skeletal  muscle,  as  describetl  earlier  ( Naka¬ 
mura  el  al..  |97(>).  with  slight  modi  lieat  ions  (  Heeler  el  al..  I9KI  >. 

I  diffusion  potential  across  the  sarcoplasmic  reticulum 
membrane  was  generated  by  ion  substitution,  as  described  in 
detail  in  the  test  and  in  the  l-itturo  legends.  The  difference 
absorbances  of  osonol  VI  (Molecular  Probes.  Inc..  Junction 
City.  Oregon)  and  5,5'diclliy  l-2.2'-thiadicarboeyaiiiiie  (Oi  —  S  — 
C\(5))  (1  astman  Kodak.  Rochester.  New  York)  were  recorded 
on  an  Amineo  OW-2  spectrophotometer.  The  absorbance 
changes  of  osonol  VI  and  l)i  — S  — C',(5)  servetl  to  es'aluate 
the  changes  in  inside-positisc  and  inside-negative  membrane 
potential,  respectively  (Heeler  et  al..  19X1).  Osonol  V'l  contains 
delocali/eil  negative  charges  and  accumulates  into  compart¬ 
ments  under  the  influence  of  inside  positive  potential,  resulting 
in  absorbance  and  fluorescence  changes.  I)i  —  S  — C\(5).  a  dye 
with  delocalized  positive  charges,  responds  in  an  antilogous 
manner  to  inside  negative  potential. 

For  electron  microscopy,  the  vesicle  suspensions  ( ^  I  mg 
protein  mi)  were  placed  on  carbon-coated  parlodion  films  and 
negatively  stained  with  freshly  prepared  1%  uranyl  acetate 
(pi  I  4..').  The  specimens  were  viewed  with  a  Siemens  Flmiskop 
102  electron  microscope  at  hOkV  accelerating  voltage.  For 
magnification  calibration  catalase  crystals  negatively  stained 
with  1  °«  uranyl  acetate  were  used. 


Results 

Ca2  *  -ATPasi:  Mi-mhranf:  Crystals 
in  Sarcoplasmic  Ri-ticui.um 

Cryslulline  arrays  of  Ca2  4  -ATPasc  develop  upon 
exposure  of  sarcoplasmic  reticulum  vesicles  to 
5  niM  Na , V04  in  a  Ca2  +  -lrec  medium,  at  2°C 
( Fig.  1 ).  The  Ca2  1  -ATPasc  crystals  are  usually  ob¬ 
served  on  the  surface  of  elongated  tubules  which 
are  approximately  600  to  800  A  in  diameter.  The 
crystal  lattice  consists  of  chains  of  ATPasc  dimers 
which  are  in  register  with  neighboring  chains,  and 
surround  the  tubules  in  a  right-handed  helix  (Tay¬ 
lor.  Dux  &  Marlonosi,  1983a:  Pcracehia  et  al. 1 ). 
The  diagonal  lattice  arises  from  superimposition 
of  the  front  and  rear  images  of  the  collapsed  cylin¬ 
ders.  The  lattice  constants  are:  «  =  56.34  A.  h  = 
104.78  A  and  ■•  =  72.72°  (Taylor  et  al..  1983). 
Under  the  conditions  described  in  Fig.  I.  crystalli¬ 
zation  of  about  2/3  of  the  vesicles  requires  I  to 
2  days. 

Very  much  faster  crystallization  of  the  Ca2  '- 
ATPasc  was  observed  alter  dilution  of  the  vesicles 
preincubated  in  0.15  m  choline  chloride  medium 
into  a  medium  containing  0.15  M  K -glutamate  and 

'  (  Pcr.icchta.  I.  I)ti\  A:  A.  Marlonosi.  Crystallization  of 

inlr.nncmhrane  particles  in  rabbit  sarcoplasmic  reticulum  vesi¬ 
cles  by  vanadate  {unpiihlishcih 


Fig.  I.  Cryslulline  arruys  of  Cn- ATPasc  molecules'  in  rabbit  sar¬ 
coplasmic  reticulum  vesicles.  Sarcoplasmic  reticulum  vesicles 
were  incubated  in  0.1  M  KCI.  10  mM  imidazole  pll  7.4.  5  mvt 
MgCK,  0.5  nut  F.GTA.  5  him  Na  ,V()4  at  2  °C  and  samples 
were  taken  for  negative  staining  alter  4  davs.  Magnification : 
259.519  x 


5  mM  Na,V04  (Fig.  2).  Under  these  conditions 
outward  movement  of  Cl"  and  inward  movement 
of  K  4  generate  an  inside  positive  diffusion  poten¬ 
tial  across  the  vesicle  membrane.  Within  15  see 
after  dilution.  Ca2* -ATPasc  crystals  were  ob¬ 
served  on  the  surface  of  about  half  of  the  vesicles. 
Control  preparations  which  were  prc-cquilibrated 
in  K-glutamale  medium,  showed  essentially  no 
crystallization  1 5  see  after  transfer  into  K-gluta¬ 
male  medium  containing  5  him  Na,V04  (Fig.  3). 
Under  these  conditions  no  potential  is  expected 
to  develop,  and  significant  crystallization  requires 
several  hours  of  incubation  with  vanadate. 

These  observations,  together  with  earlier  find¬ 
ings  (Dux  &  Marlonosi,  1983/0.  establish  that  con¬ 
dition  which  are  expected  to  generate  positive 
membt.  potential  facilitate  the  association  of 
ATPasc  molecules  into  extended  crystalline  arravs. 
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Fig.  2.  Rapid  crystallization  ol'Ca-ATPasc  molecules  under  the 
influence  of'  inside  positive  potential.  Sarcoplasmic  reticulum 
vesicles  (10  mg/ml)  were  preincubated  in  0.15  M  choline  chlo¬ 
ride.  10  mu  imidazole  pll  7.4.  5  mu  MgCI,  and  0.5  m\t  l-GTA 
for  16  hr  at  2  °C.  and  then  diluted  10-fold  in  0,15  M  K-gluta- 
matc.  10  mu  imidazole  pH  7.4.  5  mu  MgCI..  0.5  mu  F.GTA. 
5  nisi  Na  ,V04  containing  medium.  Negative  staining  was  car¬ 
ried  out  15  see  after  dilution.  Magnification:  102.651  x 


Oxonol  VI  Signals  in  Vanadath-T ri.ati:o 
Sarcoplasmic  Ri-ticulum  Vfsiclfs 

AITHR  TRANSIHR  FROM  ClIOLINL  Cm  LOR!  of: 
into  K-Glutamatf:  Mloium 

The  time  course  of  the  potential  change  generated 
by  transfer  of  vesicles  from  choline  chloride  into 
K-glutamatc  medium  was  followed  by  measuring 
the  difference  absorbance  of  the  voltage  sensitive 
dye  oxonol  VI  at  625  to  586  nm  (Fig.  4). 

Dilution  of  eontrol  vesicles  from  K -glutamate 
into  K -glutamate  media  containing  50  pM  Ca 
(Fig.  4/1,  sample  T)  increases  the  absorbance  by 
about  0.14  to  0.15  units;  the  absorbance  change 
of  control  samples  containing  5  itim  vanadate 
(sample  2')  is  significantly  smaller.  The  absorbance 
change  in  control  samples  rapidly  achieves  a  steady 
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Fig.  5.  Surface  structure  of  vesicles  after  dilution  into  medium 
of  identical  composition.  Sarcoplasmic  reticuluni  \csiclcs 
(10  mg  ml)  were  pre-incubated  in  0.15  xt  K -glutamate.  10  him 
imidazole  pll  7.4.  5  m\l  MgCI,.  and  115  mu  l-GTA  medium 
for  16  hr.  then  diluted  10-fold  in  the  same  medium  containing 
5  ntM  Na,V04.  Negative  staining  was  completed  1 5  sec  alter 
dilution.  Magnification:  102.65!  x 


Fig.  4.  Absorbance  changes  of  oxonol  VI  upon  dilution  of  vesi¬ 
cles  pre-eqiiilihralvd  in  choline  chloride  into  K -glutamate  medi¬ 
um.  Sarcoplasmic  reticulum  vesicles  (.10  mg  protein  nil)  were 
equilibrated  overnight  at  2  °C  in  medium  containing  0. 1 5  xt  cho¬ 
line  chloride.  lOmxt  histidine  (pll6.S).  5  mxi  MgS()4.  and 
50  pxt  CaCI,.  Inside  positive  membrane  potentials  were  gener¬ 
ated  by  diluting  4  pi  aliquots  of  this  suspension  into  2  ml  of 
medium  containing  0.15  xt  K-glutamate.  10  mM  histidine 
(pll  6.8).  5  mxi  MgS()4.  10  pg  ml  oxonol  VI  and:  50  pxt  CaCI, 
(trace  I):  50  pxt  CaCI,.  5  mxi  Na,V"(>4  (trace  2):  I  mxi  LGTA 
(trace  .1);  or  I  mxi  FGTA.  5  mxi  Na  ,V()4  (trace  4).  flic  differ¬ 
ence  absorbance  of  oxonol  VI  at  625  to  5X6  nm  was  measured 
m  an  Aminco  I >\V-2  spectrophotometer  at  10  °C.  For  eontr-’s. 
the  sarcoplasmic  reticulum  xesiclcs  were  equilibrated  in  K- 
tamale  instead  of  choline  chloride  medium  and  diluted  as  i,, 
scribed  above  (traces  f  4) 
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Fig.  5.  Disruption  of  Cir  ‘ -ATPase  membrane  crystals  under 
the  inlluence  of  inside  negative  potential.  Sarcoplasmic  reticu¬ 
lum  vesicles  (10  ntg/ml)  were  precrystalli/ed  in  0.15  m  K -gluta¬ 
mate.  10  mM  imidazole  pi  I  7.4,  5  mst  MgCU,  0.5  nm  IXiTA. 
5  ntM  Na,V04  medium  at  2°C  for  16  hr.  Under  this  condition 
65  to  70%  of  the  vesicles  show  crystalline  arrays  (Dux  &  Mar- 
tonosi.  19836).  Negative  potential  was  generated  by  10-fold 
dilution  of  the  samples  in  a  0.15  M  choline  chloride  containing 
medium  of  otherwise  identical  composition.  Magnification: 
102.651  x 

level  that  presumably  reflects  the  binding  of  oxonol 
VI  to  the  sarcoplasmic  reticulum  vesicles  in  the 
absence  of  potential. 

Dilution  of  vesicles  from  choline  chloride  into 
K -glutamate  medium  containing  50  pM  Ca2 + 
(Fig.  4/1,  sample  1),  causes  a  much  greater  absorb¬ 
ance  change  (A A  ~0.20)  due  to  the  generation  of 
inside  positive  potential;  this  is  followed  by  a  rapid 
decline  of  the  optical  response  as  the  potential  is 
dissipated.  Dilution  into  K-glutamate  medium 
containing  50  p\i  Ca  and  5  niM  Na,V04  (Fig.  4.1. 
sample  2)  gave  an  initial  absorbance  change  of 
0.151  which  declined  to  a  level  intermediate  be¬ 
tween  that  of  samples  V  and  2'.  The  smaller  ab¬ 
sorbance  change  observed  in  the  presence  of  vana¬ 
date  (sample  2)  may  be  due  to  at  least  two  causes: 

1.  An  effect  of  Na,V04  on  the  absorbance  of 
oxonol  VI,  as  also  reflected  by  the  difference  be¬ 
tween  the  absorbance  response  of  the  two  control 
samples  (samples  F  and  2')- 

2.  Na,V04  decreases  the  potential  generated  by 
ion  substitution  presumably  because  it  changes  the 
permeability  of  the  membrane  to  ions. 

The  difference  between  samples  1  and  2  cannot 
be  attributed  to  crystallization  of  the  Ca2  +  - 
ATPase  since  50  p\i  Ca’  *  completely  inhibits  the 
formation  of  Ca2 1  -ATPase  crystals. 


In  Fig.  45  a  similar  experiment  is  described  ex¬ 
cept  that  the  dilution  medium  contained  1  mvi 
EGTA  to  lower  free  [Ca2  +  ]  below  I0_km.  The 
absorbance  change  observed  upon  transfer  of  vesi¬ 
cles  from  choline  chloride  into  K -glutamate  medi¬ 
um  containing  EGTA  is  much  greater  in  the  ab¬ 
sence  (Fig.  4 B.  sample  3)  than  in  the  presence  of 
5  m.\t  Na3V04  (Fig.  45.  sample  4):  in  both  sam¬ 
ples  the  difference  absorption  rapidly  decreases 
and  in  the  presence  of  Na3V04  (sample  4)  within 
1  to  2  min  approaches  the  level  of  the  correspond¬ 
ing  control  (sample  4')  without  preimposed  poten¬ 
tial.  In  the  absence  of  vanadate  (sample  3)  the  po¬ 
tential  signal  reaches  a  relatively  steady  level  2  min 
after  dilution,  that  is  significantly  greater  than  in 
the  control  (sample  3')  without  pre-imposed  poten¬ 
tial.  These  observations  imply  that  the  signal  of 
oxonol  VI  to  inside  positive  potential  generated 
by  ion  substitution  is  small  and  short-lived  in  the 
presence  of  EGTA  and  Na3V04.  and  within  2  min 
the  potential  is  largely  dissipated.  Therefore  condi¬ 
tions  that  promote  the  crystallization  of  Ca2  4  - 
ATPase  decrease  the  potential  response  of  oxonol 
VI  to  ion  substitution,  presumably  by  changing 
the  ion  permeability  of  sarcoplasmic  reticulum. 

Influfnct:  of  Insidf;  Nfoativi:  Potential 
upon  Prfformfd  Ca2  +  -ATPasi-  Crystals 

Ca2  ‘-ATPase  crystals  were  formed  by  incubation 
of  sarcoplasmic  reticulum  vesicles  in  a  medium  of 
0.15  m  K-glutamate.  lOm.M  imidazole  pH  7.4. 
5  rnM  MgCI,.  0.5  mM  EGTA  and  5.  mM  Na  ,V04 
at  2  °C  for  16  hr.  About  2  3  of  the  vesicles  showed 
crystalline  arrays  similar  to  those  in  Fig.  1  on  at 
least  a  portion  of  their  surface.  Dilution  of  this 
suspension  into  a  similar  medium  in  which  K-glu¬ 
tamate  was  replaced  with  0.15  m  choline  chloride 
caused  the  complete  disappearance  of  the  crystal 
lattice  within  15  to  30  sec  (F'ig.  5).  Substitution  of 
K -glutamate  with  choline  chloride  is  expected  to 
produce  inside  negative  potential  and  it  is  assumed 
that  the  conformational  change  of  the  Ca2 '  - 
ATPase  under  the  inlluence  of  this  potential  is  re¬ 
sponsible  for  the  disruption  and  disappearance  of 
the  Ca2  ‘-ATPase  crystals. 

The  time  course  and  magnitude  of  the  potential 
were  measured  using  the  voltage  sensitive  dye  Di  — 
S  —  C\(5)  as  indicator.  Dilution  of  sarcoplasmic  re¬ 
ticulum  vesicles  equilibrated  in  a  K-glutamate  me¬ 
dium  into  a  medium  containing  choline  chloride 
causes  a  decrease  in  the  difference  absorbance  of 
Di  —  S  —  (3,(5)  at  660  to  700  nm  in  response  to  neg¬ 
ative  potential;  this  is  followed  by  a  slow  return 
of  absorbance  to  near  starting  levels  as  the  poten- 
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Fig.  6.  Changes  in  the  absorbance  of  Di  — S  — C'2(5)  alter  dilu¬ 
tion  of  sarcoplasmic  reticulum  vesicles  from  K -glutamate  into 
choline  chloride  medium.  Sarcoplasmic  reticulum  vesicles 
(30  mg  protein/ml)  were  equilibrated  overnight  at  2  °C  in  medi¬ 
um  containing  0.15  m  K-glutamale.  10  mM  histidine  (pll  6.8). 
5  mM  MgS04  and  50  pM  CaCU.  Inside  negative  potentials  were 
generated  by  diluting  4  pi  aliquots  of  this  suspension  into  2  ml 
of  medium  containing  0.15  M  choline  chloride.  10  mM  histidine 
(pll  6.8),  5  niM  MgS04.  lOpg/ml  Di  —  S-C45).  I  pM  valino- 
mycin  and:  50  pM  CaCU  (trace  I):  50 pM  CaCU.  5  mM  Na,V04 
(trace  2);  I  mM  EGTA  (trace  3):  1  mM  EGTA.  5  mM  Na,V04 
(trace  4).  The  difference  absorbance  of  Di  —  S  —  C,<5)  at  660 
to  700  nrn  was  measured  in  an  Amineo  l)W-2  speetrophotome- 
tcr  at  10  °C.  For  controls,  the  sarcoplasmic  reticulum  vesicles 
were  equilibrated  in  choline  chloride  instead  of  K -glutamate 
and  diluted  as  described  above  (traces  l'-4') 

litil  is  dissipated  (Fig.  6,  samples  1-4).  Control 
samples  diluted  from  eholinc-Cl  into  cholinc-Cl 
(Fig.  6,  samples  1  '—4')  are  not  expected  to  generate 
potential  and  show  only  a  slow  increase  in  differ¬ 
ence  absorbance  that  is  probably  attributable  to 
slow  penetration  of  the  dye  into  the  vesicles.  The 
rate  of  this  change  is  much  slower  than  the  change 
observed  under  the  influence  of  polendal.  and  is 
not  likely  to  affect  significantly  the  conclusions. 
The  magnitude  of  the  absorbance  change  is  greater 
in  the  absence  (samples  1  and  3)  than  in  the  pres¬ 
ence  (samples  2  and  4)  of  vanadate  whether  the 
dilution  medium  contains  50  pM  Ca  (samples  1  and 
2)  or  1  mM  EGTA  (samples  3  and  4). 

These  observations  suggest  that  Na,V04  de¬ 
creases  the  magnitude  and  duration  of  the  poten¬ 
tial  change  induced  by  ion  substitution,  presum¬ 
ably  due  to  a  change  in  the  permeability  of  the 
membranes  for  ions. 

There  is  no  significant  difference  in  the  ampli¬ 
tude  of  the  optical  response  between  samples  pre¬ 
incubated  in  the  presence  of  50  pM  CaCU.  that  in¬ 
terferes  with  crystallization  of  the  Ca21 -ATPase 
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Fig.  7.  Changes  in  absorbance  of  Di  —  S  —  C,(5)  after  dilution 
of  sarcoplasmic  reticulum  vesicles  from  K-glutamate  into  cho¬ 
line  chloride  medium.  Sarcoplasmic  reticulum  vesicles  (30  mg 
protein  ml)  were  equilibrated  overnight  in  a  medium  containing 
0.15  m  K-glutamate.  10  mM  histidine  pH  6.8.  5  mM  MgSG4.  and 
either  50  pM  CaCU  (samples  1  and  2)  or  I  mM  EGTA  (samples  3 
and  4).  Samples  2  and  4  contained  5  mM  Na  ,V04.  During  incu¬ 
bation  in  the  presence  of  EGTA  and  Na  ,V04  (sample  4)  (  a: '  - 
ATPase  crystals  develop  while  samples  I  3  serve  as  crystal-free 
controls.  After  overnight  incubation  the  samples  were  diluted 
into  media  containing  0.15  M  choline  chloride.  10  mM  histidine 
pH  6.8.  5  mM  MgS04.  50  pM  CaCU  and  lOpgml  Di-S- 
C,<5>.  The  difference  absorbance  of  Di  —  S  —  C.(5)  was  mea¬ 
sured  at  the  wavelength  pair  of  660  to  700  nm 


(Fig.  7.  samples  1,  2).  and  samples  prc-ineubalcd 
wiih  1  mM  EGTA  (Fig.  7.  samples  3-4).  that  pro¬ 
motes  crystallization  of  Ca2* -ATPase  in  the  pres¬ 
ence  of  Na,V04  (Fig.  7.  sample  4).  Therefore  pre¬ 
existing  crystalline  arrays  of  Ca2  4 -ATPase  do  not 
affect  the  magnitude  of  potential  change  alter 
transfer  into  choline  chloride  medium.  The  rale 
of  disappearance  of  the  optical  response  is  slightly 
faster  in  samples  containing  1  niM  EGTA  (Fig.  7. 
samples  3  and  4)  in  agreement  with  earlier  observa¬ 
tions  (Duggan  &  Martonosi.  1970)  that  EGTA  in¬ 
creases  the  permeability  of  sarcoplasmic  reticulum 
membrane.  This  effect  of  EGTA  is  neutralized  bv 
Ca2  * . 

Effect  of  Other  Ion  Substitutions 

Transfer  of  vesicles  from  a  Na-mcthancsulfonatc 
solution  into  a  medium  containing  K-mcthancsul- 
fonalc  and  1  pM  valinomycin  also  generates  posi¬ 
tive  potential  and  promotes  the  crystallization  of 
Ca2 * -ATPase  (Dux  &  Martonosi.  19X3A).  while 
transfer  from  K-mcthancsulfonatc  solution  into  a 
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medium  ol'Na-methiinesulfon;ite+  I  gM  valinomy- 
cin  disrupts  Ca2  + -ATPasc  crystals.  Therefore  the 
effects  described  in  Figs.  I  through  6  arc  indeed 
attributable  to  changes  in  diffusion  potential  ac¬ 
ross  the  sarcoplasmic  reticulum  rather  than  to  spe¬ 
cific  ion  effects. 

Discussion 

Two  effects  of  ion  substitutions  on  the  rate  of  crys¬ 
tallization  of  Ca2  f -ATPasc  were  observed. 

1.  Transfer  of  vesicles  from  choline  chloride 
into  K -glutamate  medium  generates  an  inside  posi¬ 
tive  potential  across  the  vesicle  membrane  as  indi¬ 
cated  by  a  change  in  the  absorbance  of  oxonol 
VI.  The  positive  transmembrane  potential  favors 
the  interaction  between  ATPase  molecules  with  the 
formation  of  crystalline  arrays  of  Ca2  f -ATPasc 
in  the  presence  of  Na  ,V04.  presumably  by  chang¬ 
ing  the  disposition  of  Ca2  +  -ATPase  in  the  mem¬ 
brane.  Imposition  of  positive  potential  in  the  ab¬ 
sence  of  Na,V04  did  not  cause  significant  crystalli¬ 
zation  of  Ca2  + -ATPasc,  although  it  inhibited  the 
ATPase  and  Ca2  +  transport  activities  of  sarcoplas¬ 
mic  reticulum  (Beeler  et  al.,  1981).  Therefore  even 
in  the  absence  of  vanadate,  transmcmbranc  poten¬ 
tial  affects  the  conformation  of  the  Ca2  +  -ATPasc 
in  a  functionally  important  manner. 

The  absorbance  change  of  oxonol  VI  caused 
by  ion  substitution  is  generally  smaller  under  con¬ 
ditions  that  promote  the  crystallization  of  Ca2  +  - 
ATPasc.  raising  the  possibility  that  the  vanadate- 
induced  formation  of  Ca2  + -ATPase  crystals  in¬ 
creases  the  ion  permeability  of  the  membrane  and 
facilitates  the  dissipation  of  transmcmbranc  poten¬ 
tial.  A  direct  effect  of  vanadate  upon  the  optical 
response  of  oxonol  VI  is  observed  even  in  the  pres¬ 
ence  of  Ca2  +  ,  where  crystallization  cannot  take 
place.  The  mechanism  of  this  effect  is  not  clear. 

The  crystalline  arrays  formed  under  the  influ¬ 
ence  of  positive  potential  usually  occur  on  spheri¬ 
cal  vesicles  in  contrast  to  the  elongated  tubules 
that  form  after  several  days  of  crystallization.  This 
may  imply  that  the  formation  of  tubular  structures 
is  a  secondary,  relatively  slow  process  that  follows 
the  rapid  crystallization. 

2.  Preformed  crystalline  arrays  of  Ca2  +  - 
ATPase  are  disrupted  when  the  microsomc  suspen¬ 
sion  is  diluted  from  K -glutamate  into  choline  chlo¬ 
ride  medium.  Under  these  conditions  an  inside 
negative  potential  develops,  as  indicated  by  the  ab¬ 
sorbance  change  of  Di  —  S  —  C,(5).  The  magnitude 
of  the  optical  response  is  smaller  in  the  presence 
than  in  the  absence  of  vanadate  in  the  dilution 
medium.  However  this  difference  cannot  be  atlrib- 
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uted  to  crystallization  of  Ca2  '  -ATPasc  since  crys¬ 
tallization  did  not  occur  in  media  containing  50  pM 
Ca2+  and  all  crystals  were  destroyed  upon  dilution 
of  vesicles  from  K -glutamate  into  choline  chloride 
media.  Na3V04  may  directly  interfere  with  the 
optical  response  of  Di —  S  —  C2(5)  or  could  produce 
other  changes  in  the  membrane  not  related  to  crys¬ 
tallization. 

The  disruption  of  Ca2  +  -ATPase  crystals  by 
negative  membrane  potential  is  probably  attribut¬ 
able  to  an  effect  on  the  conformation  of  the  Ca2*- 
ATPase  that  destabilizes  ATPasc-ATPasc  interac¬ 
tions.  Since  such  interactions  are  presumed  to  take 
place  in  the  E2  conformation  of  the  enzyme  (Dux 
&  Martonosi,  1 983 z/).  positive  potential  presum¬ 
ably  favors  the  E2  conformation,  while  negative 
potential  would  have  the  opposite  effect. 

Although  active  Ca2  +  transport  generates  an 
inside  positive  potential  (Beeler,  1980;  Beeler  ct  al.. 
1981),  and  a  transient  negative  potential  may  arise 
during  activated  Ca2+  release  (Beeler  cl  ah.  1981 ; 
Vergara  &  Bczanilla.  1981).  there  is  no  indication 
so  far  that  these  processes  would  be  accompanied 
by  changes  in  the  monomer-polymer  equilibrium 
of  the  Ca2  + -ATPase. 
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